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PREFACE

This book was written because it was believed that a practical

treatise on the design of movable bridges and their machinery would

be of interest and value to practicing engineers and advanced students

in engineering schools. ]\Iany authors have treated the design of the

superstructure of movable bridges in connection with that of fixed

spans, but few have discussed the special problems peculiar to the

arrangement and design of the machinery. The data formerly avail-

able in this important branch of the subject were scattered through

treatises on machine design, handbooks, the technical periodicals, and

the publications of engineering societies; or had been developed by the

engineers of manufacturing bridge companies and closeh' held for their

own use. One of the objects of this book is to collect and arrange the

best of this material in convenient form for study and use, and to put

the results of original investigations and the lessons learned from long

experience before fellow-engineers, in the hope of rendering a real service

to the profession.

After a brief history of the development of early designs, the various

types of bridges are discussed, and enough statistical information is

given to assist in determining the most desirable type of bridge for

particular conditions; and also to serve as a basis for preliminary cal-

culations. The various methods of stress analysis are so well known
that only a brief statement of some of the simplest and most practical

is given. The chapter on the elastic deflections of structures has been

made more complete. The chapter on details of design includes dis-

cussions of camber, end-lifting mechanism, disc and roller-bearing

centers, and other details which apply to swing bridges. The analysis

of end-lifting mechanism, and the illustrative example are typical of

convenient and practical methods which may be applied to the design

of similar mechanism for other purposes. End-rail joints, operators'

houses, and counterweights are treated briefly in the remaining chapters.

Appendix A gives an analysis of the stresses in lenticular discs, and
Appendix B proposes a new method for the design of the tread plates

on the supporting and segmental girders of rolling-lift bridges.
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Numerous examples are given throughout the book to illustrate

the application of new or unusual formulae or processes.

The calculus has been freely used where it served to add clearness

and precision to analysis.

The author acknowledges, with thanks, the permission to use many
cuts, credit having been given in connection with each cut. He also

is indebted to Mr. F. L. Dudley, M. Am. Soc. C. E., for most of the

calculations in the example of the deflections of a truss in Chapter IX;

to Mr. Dudley and Mr. C. E. Paine, for assistance in the preparation

of the discussion of end-lifting mechanism in Chapter X; to Mr. F. H,

Horton for help in compiling the lists of Patents in Chapters IV and

V; and also to many other friends for valuable data and suggestions.

The power required to operate movable bridges, the arrangements

and design of their machinery, complete specifications, and many
tables giving useful data will be included in the second volume.

Otis Ellis Hovey.
January, 1926.
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bridges as erossmg the moats around castles and tortihed towns."

Also, " the Egyptians built no permanent bridges across the Nile, but

were familiar with framing trestle work, and with pontoon draw

bridges."

About 460 B.C., Nitocris, Queen of Babylon, built a bridge across the

Euphrates, after temporarily diverting the water. According to Herod-

otus,- the piers were of stone blocks bound together with iron and lead,

and the spans were wooden platforms built so that they could be with-

drawn at night, to prevent people passing from side to side of the river,

1 Ivnight's "American Mechanical Dictionary," Boston, 1884r

2 Herodotus, 1-186.





MOVABLE BRIDGES

CHAPTER I

HISTORICAL INTRODUCTION

1. General.—The term movable is chosen here to designate any-

type of bridge that can be changed in position so as to open a clear

passage, or to afford an increased headway, for ships or boats in navi-

gable channels. In general this is the purpose to be accomplished by

making movable a bridge intended for railway or highway traffic.

In the ancient and mediaeval periods the object of movable bridges

was usually to afford protection against military operations, and these

bridges were commonly used over the protective moats around fortifi-

cations. They were intended to be opened in order to interrupt the

approach roadways and also in order that the open leaf might constitute

an additional door, or gate, closing the entrance to the fortification.

It is difficult to determine whether the earliest movable bridges were

intended for military protection or to allow the passage of boats.

2. Ancient Movable Bridges.—In an article on draw bridges,

Edward H. Knight ^ states that, "the earHest mention is in the Egyptian

monuments, when Rameses II celebrated his victories over fortified

cities, 1355 B.C. . . . The sepulchral and palatial paintings represent the

bridges as crossing the moats around castles and fortified towns."

Also, " the Egyptians built no permanent bridges across the Nile, but

were familiar with framing trestle work, and with pontoon draw

bridges."

About 460 B.C., Nitocris, Queen of Babylon, built a bridge across the

Euphrates, after temporarily diverting the water. According to Herod-

otus,- the piers were of stone blocks bound together with iron and lead,

and the spans were wooden platforms built so that they could be with-

drawn at night, to prevent people passing from side to side of the river,

1 Knight's "American Mechanical Dictionary," Boston, 1884r

2 Herodotus, 1-186.
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in the dark, to commit robberies. However rudimentary in design,

this was certainly a genuine movable bridge.

It is well known that the Chinese developed unusual engineer-

ing skill at an early period, as evidenced Ijy the building of the Great

Wall, which bridged several streams. It was begun during the third

century, B.C., repaired during the fifteenth century, a.d., and extended

about 300 miles during the sixteenth century. It seems quite probable

that the Chinese may have used movable bridges across their canals at

a very early date.

The Phoenicians greatly encouraged the art of civil engineering

around the Mediterranean, and probably extended their practice to

small movable bridges.

The earliest Roman bridge of which we have a record was the Pons

Sublicius, built in 621 B.C., byAncus Martins. It connected the Janicu-

lum and Mons Aventinus. As indicated by its name, it was a pile

bridge, and some writers state that it had a draw span. This bridge

was defended by Horatius, the legendary hero, against the Etruscans

under Lars Porsena, and was destroyed, during a campaign, in 510

B.C. It was rebuilt and long maintained as a wooden pile bridge.

Pontoon bridges were used in early military expeditions, and it is

known that some of them had one or more boats arranged so that they

could be easily swung aside to allow ships to pass. Darius built a

bridge of boats across the Thracian Bosphorus. Xerxes constructed a

similar bridge across the Hellespont, about 480 b.c. This bridge was

between Sestos and Abydos, which was the narrowest point. Xerxes'

first bridge was destroyed by a tempest almost as soon as it was finished.

It was then rebuilt with 360 boats on the side toward the Euxine Sea

and 313 on that of the Hellespont. The alignment was made so as to

reduce the probability of its being destroyed by storms, and at three

places boats were lashed together and arranged so that they could be

swung aside to allow ships to pass through the openings. These

appear to have been genuine pontoon draw spans.

Time and space prevent a thorough discussion of other ancient

movable bridges. The Romans rapidly developed the design and con-

struction of fixed arch bridges, many examples of which may still be

seen, but it is difficult to trace the use of movable structures for several

centuries after the beginning of the Christian era. Late in the twelfth

century, bridge building was much stimulated by the organization of

the Fratres Pontifices, or Brethren of the Bridge, by Johannes Bene-

dictus. This brotherhood was formally recognized by Pope Clement

III, in 1189. The founder, commonly known as St. Benezet, has been

termed the Patron Saint of Bridge Engineers. He built the fixed arch
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bridge at Avignon, which was finished in 1176, and at his death, in

1222, was interred in a chapel which he had provided on the bridge.

A draw bridge was maintained in a bridge over the Thames, in

London, from early times. Thompson ^ states that, " it is generally-

believed, however, that the year following Aulaf 's invasion, namely 994,

there was built a low Wooden Bridge, which crossed the Thames at St.

Botolph's Wharf, yonder, where the French passage vessels are now
lying; and a rude thing enough it was, I'll warrant; built of thick rough-

hewn timber planks, placed upon piles, with moveable platforms to

allow the Saxon vessels to pass through it. Westward." This bridge is

said to have been burned and rebuilt several times, in timber, and
undoubtedly with a draw span in each case.

In the year 1176, which marked the completion of the Avignon

bridge, Peter, Chaplain of the Church of St. Mary Cole, in London,

who is called Peter of Colechurch, was commissioned by Henry III to

build a permanent stone arch bridge across the Thames, in the business

center of the city. It was finished in 1209. The work was so well

done that the bridge was in continuous use until 1831, when the present

modern arch bridge was completed. The old bridge was notable in at

least two particulars. The piers were so large and the spans so short

that about two-thirds of the available cross-section of the river was
occupied by the piers; with the result that at each tide the water

ran under the arches like a veritable millrace. There was a draw
bridge in the seventh span from the Surrey, or southerly, end. A some-

what extended search fails to establish the exact design of the draw span,

but a cut from an old painting plainly shows that there were two chains

leading from the rising end of the span and extending diagonally upward
until they entered near the top of a building upon the fixed span adja-

cent to the draw. As no artist would be likely to insert such unsightly

lines in a painting unless they existed on the structure, it is evident

that the movable span was a genuine draw bridge, in the original

meaning of that term. Whether the draw was counterweighted does not

appear in any available account.

Figure lA is a reproduction of a woodcut from the painting referred

to above.

3. The Renaissance.—The epoch of the Renaissance, from the latter

part of the fourteenth century to the middle of the sixteenth, was
marked by a rapid and remarkable development in literature, art, sci-

ence, government, and religious reform. It was a time of great intellec-

tual activity, as may be illustrated by the recital of the names of such

3 "Chronicles of London Bridge," by Richard Thompson, 'An Antiquarian,'

London, 1§27.



HISTORICAL INTRODUCTION [Chap. I

leaders of thought as Palladio, Gahleo, Kepler, Columbus, Napier,

Raphael, Rubens, Dante, Shakespeare, Gutenberg, Luther, Wyclif,

and Michelangelo; all of whom lived during this period. Leonardo da
Vinci must also be named as one of the most remarkable men of that time.

His genius was most diversified, and his work and writings included

masterly investigations in the fields of natural philosophy, art, and
engineering. Many of his sketches have been preserved, and have
been pubhshed in Codice Atlanticof' from which two examples have been

chosen. Figure IB, from a sketch made about 1500, represents an
unequal-armed, or bob-tailed, center-bearing swing bridge, operated

by hand winches, by means of ropes passed through snatch-blocks. Fig.

IC represents a very well-conceived pontoon swing span, which enters

a niche in the canal wall when open.

John Murray, London.

Fig. 1A.

Some rough, small-scale sketches show that he had also developed

the general ideas of counterweighted draw bridges turning on end

trunnions, and also counterweighted vertical-lift bridges.

A marked improvement in the construction of fixed and movable

bridges occurred during the Renaissance, and many designs were devel-

oped which have served as a basis for the modern types used in the most

recent practice in Europe and America.

M. Viollet-le-Duc ^ comments that, if draw bridges were already

in use toward the end of the thirteenth century, they were usually

placed in the advance protective works, rather than at the portal, of

* II codice Atlantico nella Biblioteca Amhrosiana di Milano riprodotto e publicato

dalla Regia Accademia dei Lincei, Milano, 1894.

' " Dictionnaire Raisonnc de L'Architecture," Paris, MDCCCLXIX,
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Fig. id.

fortifications. He also states that at remote times, rolling, retractile

bridges were commonly used, particularly in the southern provinces

of France, and in Italy.

Figure ID shows the arrange-

ment of some of these

bridges.

In connection with an ac-

count of the siege of Orleans,

by the English, in 1428, he

shows illustrations of and

describes a fortified bridge

having three draw bridges.

One of them was supported

at one end by the wall of

the fort, on a hinged pedestal.

Vertically above was a pair

of heavy wooden beams,

parallel to the roadway, also

hinged to the wall. The outer ends of these beams were attached to

the rising end of the draw by vertical chains. The inner ends were

floored over by a counterweight, extending the full width of the bridge,

above the roadway. The draw was thus perfectly balanced. When
the bridge was opened it closed

the outside of the entrance to the

fort, while the wide counter-weight

fully closed the inside, thus form-

ing a double protection.

4. Early modern types.— M.
Gauthey ^ has described many
mediaeval and early modern types

of draw bridges. The oldest is

that shown in Fig. IE. The bridge

is raised by a lever frame, L, piv-

oted at support M and attached

to the end of the bridge by chains.

The rear end of the frame is

usually counterweighted. Equi-

librium is established around the

trunnion M when the bridge is

closed. When the leaf, the frame L, the chains, and a line joining M
with the heel trunnions of the leaf form a parallelogram, the bridge

« "Trait6 de la Construction des Fonts," Published by M. Navier, Paris, 1813.

Fig. IE.
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will be balanced throughout its movement. In double-leaf bridges,

struts /, articulated to the bridge, rest in a niche in the masonry when
the bridge is closed, and slide along guides b when the span is moving.

The two leaves thus become cantilevers extending to the middle of the

waterway. Bridges of this type were built in Holland many years

ago, and several of them are still in use, notably in Amsterdam.

As this type of draw bridge obstructs the tow-paths when open,

M. Lamblardie devised the double-leaf rolling bascule type, one-half of

which is shown in Fig. IF, also taken from M. Gauthey's treatise.

The heel end of the span rests on a quadrant B, having teeth which

engage a rack on which it rolls. A pit is provided for the counter-

weighted end of the bascule, and a strut supports the rear end when the

Fig. if.

bridge is closed. A compression strut supports the leaf when closed,

as in Fig. IE. When the bridge is opened, it rolls back away from the

canal wall, and the tow-path is carried along the wall in front of the

open leaf. The bridge is operated l^y a hand winch q, by means of a

chain c, passing around a pulley at P. A bridge of this type was built

at Havre, and others were built along the Ourcq Canal.

M. Bernard Forest de Belidor ^ illustrated and described several

types of old draw bridges. One of them was an ingenious counter-

weighted bascule bridge which was built at Givet in 1716. Another

was constructed at Toul. He comments that the design, which

some attribute to M. Pelletier, was actually an old type which had
^ "La Science des Ingcnieurs," Paris, 1813. Original edition, 1729.
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Fig. 1G.

long been known in Germany, where several had been built, among
others, those at Hamburg and Lubec. Figure IG represents the essential

outlines of the design. The leaf A is pivoted at G, the lever B at F, the

arm C at H, the strut D at I and /, and the counterweight W, at K.

The figures LMFG
and F HIJ are par-

allelograms; hence,

if W balances the

bridge when closed,

the balance is main-

tained throughout

the movement of

the span. The
counterweight is

much lighter than

the leaf, its weight

depending upon the

proportions of the

lengths of the vari-

ous lever arms.

In order to simplify the mecnanism and adapt it for easy operation

from within the fortifications, and to secure an exact balance and at

the same time leave the passage into the forts clear of all mechanism,

M. Belidor designed a draw bridge that has been used, in modified

form, in the construction of several modern bridges. Figure IH shows

the principles of his

design. At one end

of the span A, a

tower B carries one

or more sheaves F
at its top. A chain

or cable H is at-

tached to the bridge

at E, and to a

counterweight W,
which moves down
a curve C, when

the bridge is opened. This curve he called a sinusoid, but it is

more nearly a cycloid. The counterweight W balances the bridge

when closed. Let the weight of the bridge be G, and that of the

counterweight be W, both acting at their respective centers of gravity.

If the bridge is balanced by the counterweight in all positions, no work

Fig. 1H.
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Fig. 1 1.

is done during the movement of the span. Hence Wh' = Gh. The
length of the cable H, from E to W, remains constant, whatever the

position of the leaf. These

two conditions serve to de-

termine any desired number
of points on the equilibrium

curve C.

M. J. V. Poncelet^ attrib-

utes a useful modification

of M. Belidor's design to M.
Delile. Figure 1 1 shows the

general arrangement, which

is quite similar to that of

Fig. IH except that a strut

connects the bridge with

the counterweight. The equi-

librium curve is determined

in the same manner as that

described above, but it is

quite different in its form. This bridge is operated by driving the

counterweight down the curve by man-power or otherwise.

Figure IJ shows a further modification by Lieut.-Col. P. Bergere.

Here the lever BC is attached to both the bridge and the counter-

weight, and is pivoted to a

roller at 0, which moves
along a horizontal track MN
when the bridge is opened.

About 1810 or 1811, Capt.

Derche built bridges at Osopo
and Palmanova of a design

shown by Fig. IK. The bal-

ance is maintained by a coun-

terweight Q, which unwinds

a chain from a drum with

a spiral groove of varying

radius, while the chain at-

tached to the bridge winds
upon a drum of constant diameter. The radius of the spiral groove is

made such that an exact balance is maintained while the bridge moves,

8"Cours de Mechanique Appliquee aux Machines," Paris, 1876, Vol. II. The
section relating to draw bridges was presented before the Academy of Science, Feb.

17, 1834, and published in 1835.

Fig. IJ.
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Fig. IK.

Another interesting design is shown in Fig. IL. This appears to

have been proposed by M. Poncelet, to simpHfy previous designs, and

at the same time to secure an

exact balance. The counter-

weight moves vertically and

exerts a constant pull upon the

bridge. A curved track Cba

is attached to the moving leaf.

A groove is provided on the

track, around which a chain

is passed. One end of the

chain is anchored to the end

of the curved track and the

other is attached to the coun-

terweight. The curve is pro-

portioned so that the effective

lever arm of the chain about

the trunnion A is reduced as

the bridge is opened and the

chain is imwound, thus pro-

ducing the required balance

during the movement.

These examples include a few of the many ingenious methods

used long ago for balancing draw bridges. They are enough to indicate

that some of the early engin-

eers gave much study to the

problem, and designed efficient

and practical draw bridges.

They also show that our more

recent designers owe a heavy

debt to the pioneers in these

types of construction. While

the early military bridges were

of short span and light con-

struction, the methods used in

their design were sound, and

only require such modifications

as are demanded by modern

heavy loads and the use of mod-

ern power-driven machinery.

5. Early swing bridges.—Draw bridges and bascule bridges appear

to have been used much earlier than swing spans, and it is difficult to

Fig. 1L.



Art. 5] EARLY SWING BRIDGES 11

establish the earhest use

of the types' revolving

about vertical axes.

M. Belidor, in " La
Science des Ingenieurs,"

already referred to, illus-

trated and described a

swing bridge consisting

of two spans, each with

two unequal arms, the

longer meeting at the

middle of the channel

as shown in Fig. IM.

The spans were center-

bearing. The center had

an upper disc, with a

spherical surface convex

downward, resting upon

a lower disc, the top of

which was a spherical

surface concave upward.

Outside of the disc center

was a metal ring with

12 balance wheels turn-

ing on axles, which served

to limit the oscillations

of the bridge when revolv-

ing. The long arms,

meeting at the middle of

the channel, were cut at

an angle with the center

line, and the wooden end

floorbeams were finished

with a tongue on one

and a groove in the

other. The spans opened

in opposite directions,

and when closed they

were continuous for

shears, but discontinu-

ous for moments, at the

mid-channel joint.

ta
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Figure IN shows one-half of a double-swing bridge at Cherbourg

which is fully described by Belidor.^ He states that, " Of all the swing

Fig. in.

» "Architecture Hydraulique," by M. Belidor, Paris, MDCCLXX, Part II,

Vol. II, p. 428.
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spans which have come to my attention, none is more perfect than

that for the large lock at Cherbourg." This bridge was designed by

M. Salomon de Caux, the eminent engineer and architect, "Royal

Engineer-in-Chief," after his return to France; and probably was
built about 1625. The clear waterway was 42.65 ft., the width of

the roadway was 12.5 ft., the length of the long arms was 27.6 ft.,

and that of the short arms 15.4 ft. The two swing spans were center-

bearing, with balance wheels, consisting of balls turning on axles, to

steady the bridge when turning. The balance-wheel track was 10 ft.

in diameter. The short arms were not counterweighted, but were

furnished with balls, turning on axles, which were attached to the top

of short cantilevers at the bottom of the end floorbeams. These

balls engaged an over-hanging coping, of heavy stones, cut to a seg-

ment of a circle as shown on the plan in Fig. IN. Metal strips were

embedded in the masonry to

form raceways for the balance

and rear anchor balls, in order

to protect the masonry from

wear.

The centers were of cast iron.

The lower casting was securely

bedded in the cut-stone mason-

ry, and anchored by a central

pin extending several feet into

it. Lead was poured into the

casting around the pin. A steel

disc was set into the top of the

pivot, and the load was delivered to it by a similar steel disc in the

inside of the upper socket-casting, which, in turn, was bedded in pitch,

and securely anchored to the wooden center girders of the bridge.

When the bridge was closed the ends of the channel arms inter-

locked, to form a shear lock, the bridge thus becoming continuous for

shears, but discontinuous for moments. An effective end-lifting device

on the rear of the short arm provided means for bringing the rear anchor

balls into contact with their raceways. As all clearances were taken

up when the rear ends were lifted, the only deflections under live load

were those due to elastic distortion. The bridge was stiff and satisfac-

tory under the heaviest vehicles of the time.

The first iron bridge was probably the cast-iron arch bridge at

Coalbrookdale, in England. It spans the river Severn and was designed

by Pritchard, in 1773, and built by Abraham Darby, in 1776. The use

of cast iron was soon extended to the construction of movable bridges.

Swing- Bridge.

Houghton Mifflin Co

Fig. 10.
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Some of the earliest were built in connection with the London Docks,

completed in 1805. St. Katherine's Docks, near the Tower of London,

were finished in 1818. Fig. 10 shows one-half of a double-leaf swing

bridge at these docks.

The longer arm extends to the middle of the channel, the shorter,

or shore arm, being counterweighted. When the bridge is closed the

longer arms meet at the center of the channel and also abut against the

masonry, thus forming an arch for live loads. The clear span between

the walls is 44 ft. 9 in. Each leaf is rim-bearing, and turns on 24

rollers, supported on a cast-iron track. The bridge is operated by hand

Chicago Historical Society.

Fig. IP.

winches, geared to a horizontal rack. It is stated that " the bridge is

well balanced and easily swung upon its vertical pivot by a single

attendant."

6. First Rush Street Bridge, at Chicago.—Most of the early movable

bridges in the United States were wooden structures. As there is very

little early American engineering literature available, it is difficult to

establish where the first iron draw bridge was built. It appears that the

first bridge built over the Chicago River, at Rush Street, was the earliest

all-iron movable bridge that was built in the Middle West.

Figure IP shows the general arrangement of this bridge, which was

a rim-bearing structure. " The Story of Chicago," by Kirkland, pub-

lished in 1892, states: " In 1856 a fine iron bridge (the first in the West),
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was built across the river at Rush Street and cost $48,000, of which the

city paid $18,000, and the Galena and Illinois Central Railroads $15,000

each." The Galena Railroad is now a part of the Chicago and North-

western Railway. The compression members of the trusses were of

cast iron and the tension bars of "the very best quality of wrought

iron." The bridge was probably operated by steam-power, for the

records show that it was destroyed Nov. 3, 1863, when it was opened

while a drove of cattle were on one end. It was rebuilt and finally

destroyed in the great fire of 1871.

7. The New Epoch.—Many other designs of early draw bridges,

bascules, swing spans, and retractile bridges might be cited, but enough

have been mentioned to indicate the skill of some of the early engineers

and to bring out the fact that the design of movable bridges has been

a gradual evolution from the early types to the more refined designs

demanded by modern conditions.

A new and most important epoch in this and many other branches

of engineering is directly due to the invention of the steam engine by
James Watt, in 1769, and the introduction of practical steam locomo-

tives by George Stephenson, in 1829. These two inventions ushered

in the new epoch, marked by the manufacture of power, and are

responsible for the rapid advance in nearly all forms of engineering

design that may be tenned modern. The design and construction of

movable bridges has kept pace with the advances in other branches of

engineering, until it has become almost a specialty in the United States.



CHAPTER II

TYPES OF MOVABLE BRIDGES

1. General.—The types of movable bridges to be treated here are

those made movable to accommodate navigation traffic in the water-

ways crossed. They may be adapted for railway or highway bridge

traffic. The many kinds intended for other purposes, as for cranes

in shops and yards and for handling various materials, are usually so

special that they must be considered as different types. The methods

used in the design of superstructure and machinery of ordinary draw

bridges are applicable, in many cases, to the more specialized struc-

tures. Some, like coal- and ore-handling bridges, are complicated

machines and require special consideration outside of the limits of the

present volume.

The engineer should approach the design of draw bridges for railway

and highway traffic with an appreciation of the fact that even these simple

structures are machines, and that they require more care and thought

than is given to fixed bridges of similar size and importance. They

must be safe and efficient for ordinary traffic; and the arrangement,

design, and construction of the machinery must be adequate for its

purpose, easily maintained, and adapted for long service.

2. Classification.—Movable bridges may be classified as follows:

(1) Swing bridges, turning about a vertical axis.

(la) Shear-pole bridges, turning about a vertical axis near one end.

(lb) Folding, or jack-knife, bridges, turning about vertical axes near

one end.

(2) Bascule bridges, turning about a horizontal axis, rolling back

on a circular segment, or turning about a movable horizontal axis.

(3) Lift bridges, moving vertically.

(4) Retractile, or traversing, bridges, moving horizontally.

(5) Transporter bridges, consisting of an overhead fixed span carry-

ing a suspended moving platform.

(6) Pontoon bridges, floating, and arranged to turn about a vertical

axis at one end.

Some of the types named in this classification may be subdivided with

16



Art. 2] CLASSIFICATION 17

reference to the details of design. The Hst includes the types most
fikely to be required in practice.

Brief descriptions of the various types follow.

(1) A swing bridge consists of a superstructure arranged to turn

about the vertical axis of a pivot anchored to the center pier. In

ordinary cases the pivot is at the center of a span of two equal arms,

which balance each other when the bridge is open, thus providing two
equal openings for navigation. It is sometimes necessary to place

the pivot near one end. The shorter arm must then be counter-

weighted to balance the longer arm when the bridge is open. In such

cases there is usually only one channel available for navigation. In

both types the ends of the closed bridge must be lifted, not only to

afford rigid supports for the trusses, but by an additional amount to

neutralize a part of the end deflection of the arms, so that loads upon
one arm will not lift the end of the other from its supports. In rare

cases two adjacent swing spans meet over the center of the middle chan-

nel. The ends must then be locked together where they meet and the

other ends anchored to the piers, when the bridge is closed.

There are three types of swing bridges: center-bearing, the entire

weight of the open span being supported by the center pivot; rim-

bearing, the weight being carried by a cylindrical drum, supported by
rollers when the span is open; and a combination of these two.

(a) A shear-pole bridge is a special variety of swing bridge. The
pivot is located near one end of a single arm. When open, the other

end of the arm is supported from the top of a two-legged shear pole, on

the abutment, by rods which are attached to a pivot on its top, directly

over the pivot supporting the span below. The shear pole is anchored

to its supports and stayed by guy rods extending to anchors on the

approach. When the bridge is closed and the swinging end lifted, the

arm is a simple span supported at both ends.

(6) A folding, or jack-knife, bridge is also a special kind of swing

bridge. Jack-knife bridges usually consist of a deck girder under each

rail, one or more needle beams under the free end, and a gallows frame

over the pivots, braced and anchored back to the shore ; with ropes, or

rods, extending from the needle beams to the top of the gallows frame.

Each girder has a pivot. They are of unequal length and the pivots

are at different distances from the back of the abutment, so that the

girders lie side by side and close together when the span is open. The
girders are connected by S-shaped pivoted struts and the action is

quite similar to that of an old-fashioned parallel ruler. This type can

only be used for railway bridges, as the rails are directly above the gir-

ders, and ties cannot be used. While there are a few of these bridges
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still in use. mainl}' in Xew England, the type is nearly obsolete and

will not receive further consideration.

(2) Bascule bridges are, strictly speaking, those in which one end

rises as the other falls, but the t^rm is commonlj' applied to any type

mo\'ing about a horizontal axis, either fixed or mo^'ing, as well as to

those that roll back on a circular segment. They maj" consist of a

single leaf spanning the channel or of two sjTometrical leaves meeting

at its center. In the latter case the ends that meet must be locked

together, to insure the same end deflection of each leaf, when loaded.

A great variety of designs of this general type have been made. Many
have been patented, and some are \'igorously promoted by the pat-

entees and owners of patents. Some tj^jes advocated have never been

built; some are represented by only one, or a ven- few structures;

while others have been used widely. The variety' of designs is so great

that onlj' a few can be considered. The types selected wiU. be those

that have been used most frequenth'. Other meritorious designs might

have been included, had space been available.

(3) Lift bridges moving vertically consist of simple spans resting on

piers when closed. In most cases the weight of the lifting span is coun-

terweighted by means of ropes, or chains, attached to the ends of the

span and the counterweights, which pass up and over sheaves on top

of towers at the ends of the bridge. Some of the earhest types were

operated by hand winches and ropes, some by hj^ drauHc accumulators,

cylinders, and plungers, and others by gears meshing on vertical racks

on the posts of the towers. For many years this iy^e seemed to be

obsolete, but during the last quarter of a centurj' many important Uft

bridges have been built and are in satisfactory- operation, and the type

seems likely to sur\-ive and give good ser^-ice under proper con-

ditions.

(4) Retractile, or traversing, bridges moving horizontally. ^Mien

clo.sed they form simple spans across the channels. Some telescope

inside of the adjoining spans; others recede above the approaches, the

rear end being tilted upward and the free end downward. In some

cases the approach span is first moved aside, transversely, to permit the

draw span to recede in its place. Sometimes the bridge moves back

diagonall}", as in the case of several bridges in Xew York City. There

are troublesome mechanical details involved in the general arrange-

ments. More power is required than for any other type. The power

needed and the time of operation are so great that few retractile bridges

are now u-sed. Small retractile bridges were quite common in southern

Europe in mediaeval times. Their use was revived in the modern

period, but they now appear to be nearly obsolete.
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(5) Transporter, or ferry, bridges are rarely used. The earliest

examples were of the wire-rope suspension type. A fixed span across

the channel is supported on shore towers at a sufficient height to clear

navigation. A platform, or car, is suspended under the span and

arranged to travel across the channel from shore to shore. The capac-

ity for traffic is limited and this type is more nearly a substitute for

a ferry than a true bridge, for it has no continuous floor available for

a steady stream of traffic.

(6) Pontoon bridges are probably one of the earliest types of movable

bridges. They are adapted for use when local conditions prevent the

construction of more stable structures and when a temporary crossing

nuist be quickly made, as in military operations. In some locations

where expensive permanent bridges are not warranted, they have given

good service for long periods. They may consist of small boats, or

pontoons, lashed together for temporary use, or more elaborate and

stable pontoons in permanent structures.

3. Selection of type for a particular location.—It is difficult to give

rules for the selection of the most desirable and economical design for

a movable bridge. The type best adapted to one location may be

unsuited to another. There are many variables in the problem and it

is one that can only be solved by an extended knowledge of successful

practice, after much experience and a careful study of the local condi-

tions at any particular site.

There are some broad general principles that assist in approaching

a proper solution.

(1) When the bridge is closed and ready for traffic, it should be as

nearly as possible a fixed span, with positive reactions. It should be

considered primarily as a bridge to carry traffic across a waterway in

the safest manner.

(2) The structural and the machinery parts should be separate and

distinct. When the bridge is closed and acting as a fixed span, the

mechanism should not be under stress. It should only be used to move
the bridge.

(3) The operating machinery should be of simple design, easily

installed and maintained. Its control apparatus should be conveni-

ently arranged and located so that the operator can easily observe the

movements of the bridge with reference to navigation. He should also

be able to see the ends of the floor when it is being opened or closed.

(4) The machinery should be designed so that friction and lost

work are a minimum. This should apply to the moving parts of the

bridge itself, as well as to the internal friction of the operating mech-

anism.
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When the friction and power for operation are a minimum, the first

cost and maintenance will also be the least. The wear of mechanical

parts, cost of maintenance, lubrication, and inspection will be found to

increase almost directly with the power needed to operate the bridge.

Of the types named in Art. 2, Nos. la, lb, 4, and 5 are only desirable

in some special locations. Type 6, pontoon bridges, have been found

economical in some places where the conditions did not require more

stable structures. Under normal conditions the selection will be made
from types 1, 2, and 3. Their characteristics are so different that a

special statement of their relative advantages is desirable.

4. Swing bridges.—When the conditions at the site are favorable

and there are no restricting circumstances, a swing bridge is the sim-

plest, best, and most economical type in first cost and maintenance.

When the bridge is closed, the ends are raised enough to cause pos-

itive reactions under all positions of loading. The two arms then act

as a fixed girder over three supports. There is no tendency of the ends

to lift from their supports and no locks are needed to hold them down.

There are no mechanical joints or trunnions in the superstructure

to cause friction and wear and to require consequent attention, lubri-

cation, and maintenance.

The operating machinery is not under stress when the bridge is

closed. It can be simply arranged and its only office is to transmit

power to move the span.

When the ends are lowered and the bridge is swung, its entire

weight is carried on the center pier. It may be supported by a simple

pivot, a drum turning on rollers running on a circular track, or a com-

bination of the two. Any of these arrangements results in small

turning friction.

No counterweights are required and the only mass to be accelerated

is that of the span itself. Less power is needed to turn a swing bridge

than for any other type. When power is expensive this results in an

important economy in operation.

The operator's house can usually be placed above the roadway, at

the center of the span. It is easy for the operator to observe the ends

of the bridge at the breaks in the floor, and all movements of the struc-

ture are under his observation. He also has an unobstructed view of

the waterway in both channel:, and approaching vessels are in full view.

When the bridge is open, it offers no more surface to the wind than

when it is closed. The wind pressure is nearly balanced under normal

conditions. The resistance of the wind to turning being small, little

additional power is required to turn in a wind.

The center of gravity of the span is low and the center of pressure
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of wind forces remains at a constant elevation during motion. The
general stability is little changed when the span is open.

The distribution of the dead load to the piers is better than in coun-

terweighted bascule types. When the ends are properly lifted, part

of the dead weight is transferred from the center to the end piers. For

ordinary highway spans this is from 10 to 15 per cent of the dead weight,

for double-track railway bridges from 15 to 25, and for single-track

spans from 25 to 35 per cent. This not only insures positive end reac-

tions at all times when the bridge is closed, but allows some reduction

in the total load upon the center pier.

The only weight carried on the piers is that due to the dead and live

loads on the span. No provision need be made for heavy counter-

weights, as in most other types. This is a decided advantage when the

foundations are in soft material requiring piles or widely spread footings.

In most locations where a swing bridge can be used, the arms are of

equal length, thus providing two navigable channels. This is of mate-

rial advantage when the navigation traffic is large, for vessels passing

in opposite directions will naturally use the separate channels.

A swing span must be fully opened to allow any but the smallest

vessels to pass, and for small vessels with low masts the time of opera-

tion is longer than with some other types of bridges. This is not true

w^hen the height of stacks and masts of large vessels require other types

to be fully opened. When a single ship is passing, it is common prac-

tice to move one arm away from the approaching vessel and then to

resume turning so that the other arm follows the stern of the vessel quite

closely. This shortens the time that the span is closed against bridge

traffic.

In some other types it is necessary to increase the size of the operating

motors to make them adequate to move the structures against the wind.

This is seldom needed for swing bridges. The result is that a swing span

may be designed to operate in the normal time.

When a draw bridge is needed in connection with fixed spans for

crossing a wide waterway, and only one channel is required, the second

arm of a swing span bridges a part of the waterway, reducing the length

that must be covered by fixed spans. This is an advantage not offered

by the other types and should always be considered when comparing

the costs of various designs.

When a swing span is open it should be protected by fenders longer

than the span. These are of pile and timber. Their ends should be

brought to a point and a heavy cluster of piles driven to turn aside any
carelessly navigated vessel, so that the bridge superstructure shall not

be damaged by collisions.
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Swing spans for city highway traffic may have any desired type of

pavement, for the floor remains horizontal at all times.

In locations where the climate makes it necessary to close navigation

during winter, a swing draw is practically a fixed bridge during the

closed season. Repairs and renewals of mechanical parts can then be

made almost regardless of the bridge traffic. There is usually ample

room on the center pier to allow the bridge to be jacked up for inspec-

tion, repairs, and renewals of parts. This is easily done when the

draw is of the center-bearing type.

The pivot of a center-bearing bridge is more easily lubricated than

the trunnions and joints of other types. It is only necessary to fill the

socket, containing the center discs, with oil, which requires renewal

only at long intervals. No pressure system or special lubricating

devices are needed.

In addition to economy in foundations, masonry, and weight of

superstructure, another important saving of the swing bridge is the

reduced cost of the steelwork and erection.

More attention is now given to the appearance of movable bridges

than formerly. A swing span with symmetrical arms can be designed

with pleasing outlines. This can be done without sacrificing meritorious

design or economy.

When a double-deck bridge is required, a swing span can be used

without complicating the arrangement at the ends, where they join

the fixed spans. The heaviest movable bridge in the United States is

a center-bearing swing span of this design.

When local conditions at the site prevent the use of equal arms,

a swing bridge with unequal arms, with the shorter end counter-

weighted, will be found to be economical in many cases. A larger power

plant will be needed for the same weight of superstructure than when

the arms are equal, for the wind pressure is unbalanced.

For unimportant crossings, a hand-operated shear-pole swing

bridge is the cheapest of all types. When properly designed, the closed

bridge is practically equivalent to a fixed span.

5. Bascule bridges.—When local conditions are unfavorable for the

use of swing spans, the bascule type is desirable in many cases.

Where broad waterways are crossed by railways with growing

traffic, as many parallel bascules can be built as required, and they may
be closely adjacent. A minimum space is occupied and the approaches

are easily built. Bascules are also desirable in cities having narrow

waterways, as in Chicago. Here the adjacent property is so valuable

that space cannot be afforded for opening swing spans with the center

pier on one shore, and the channel is so narrow that center piers in it
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form serious obstructions to navigation. Similar conditions obtain

in many cities.

Wlien a balanced bascule bridge is closed, there is no dead-load reac-

tion at the rising end. The moving leaf must be latched down to pre-

vent it from being opened by accident. In some types there is a nega-

tive dead-load reaction at the trunnion end. There must be some
clearance between the trunnion and its bearings to allow it to turn.

Passing live loads take up this clearance and cause vertical motion and

impact which are transmitted through the structure to the counter-

weights.

Most bascule types contain large trunnions, and several forms also

have systems of articulated links connected by pins, fonning mechan-
ical joints. These are troublesome to lubricate and to maintain, and

the frictional resistance is large because the trunnions and joints are

always under heavy stress. In some designs the counterweights are

supported on separate trunnions, which are under stress whether the

leaf is closed or open. Any deflection of the trunnion supports increases

the friction and wear of the parts.

The power plant and operating machinery must be ample to over-

come the friction of all trunnions and joints and to accelerate the mass
of the moving leaf, the counterweights, and the auxiliary structural

members. As the counterweights frequently weigh from two to three

times as much as the leaf, the power required is proportionately

large.

When the bridge is open the entire leaf and the roadway are exposed

to wind pressure. The power plant and gear train must be propor-

tioned to hold the bridge against the wind when in any position. The
center of wind pressure on the open leaf is much higher than when the

bridge is closed. This affects the general stability and must be con-

sidered in the design.

The piers and foundations at the trunnion end must be designed

for the weight of the bridge, its counterweights, and the overturning

moment of the wind pressure. In rolling-lift types the dead weight of

the bridge and counterweights moves horizontally during opening and
closing. Each pier and its foundations must be proportioned for the

maximum loads. This is not serious when the foundations rest on rock,

but increases their size and cost when they are in soft material. There
is also an added liability to unequal settlement with all its attendant

complications.

A bascule bridge provides only one channel for navigation. The
single channel must be wider than either of the two channels provided

when a swing span is used. If vessels meet when passing through the
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draw, they must both use the same channel and danger of colHsions is

increased.

Bascules do not need to be fully opened to allow small vessels to pass.

In many places such vessels form a large part of the total and bridge

traffic will be interrupted less than when a swing span is used.

The power plant, when designed to operate the bridge under tho

most unfavorable conditions, has a large surplus of power for normal

operations when there is no wind. The time of operation will then

be considerably shortened when variable-speed motors are used. This

is the principal reason that bascules can be opened in less time than

swing bridges with smaller motors.

The fenders to protect the piers and auxiliary spans can be shorter

than for swing spans. There has been a tendency to take undue advan-

tage of this. In one case the auxiliary span adjacent to the bascule

was not protected and was wrecked by a large steamer which struck the

auxiliary span in the middle, having missed the channel entirely.

Adequate fenders should always be provided to prevent such accidents.

The choice of pavement for highway bascules is quite limited. It

must be of a type that can be securely attached to the floor, to prevent

displacement when the leaf is open. It should also be as light as feasible,

for every pound must be balanced by from two to three pounds of

counterweight, with the consequent increase in the mechanical parts.

These conditions practically limit the pavement to some form of wooden

construction.

It is more difficult to make renewals and repairs of bascules than of

swing bridges. "When the design includes systems of articulated links,

under stress from the counterweights, it is necessary to use temporary

supports for the counterweights when repairs of the trunnions, links,

or joints are to be made. In several cases the segmental and supporting

girders of rolling bascules have required repairs or renewals. As they

carry the entire weight of the leaf and counterweight, it is difficult to

devise means of making the repairs without closing the bridge to traffic.

Such repairs demand engineering skill of the highest order for their

successful accomplishment.

The unit cost of drawings, fabrication, and erection of bascules is

more than for swing spans.

Deck bascules are often designed to imitate arches. The lines are

pleasing, but the structure is not an arch, although it may look like one.

Such imitative construction is not truly artistic when broadly consid-

ered. Most types of through bascules with overhead counterweights

are unsightly. This is particularly true of single-leaf bridges. In some

cases their awkwardness is partly obscured by extraneous construction,
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like ornamental panels above the piers, to hide the counterweights.

These screens are not essential to the structure and serve no useful pur-

pose. It is a difficult matter to design a through bascule that is attract-

ive in appearance.

Sometimes it is necessary to replace an old swing span by a new
structure. When conditions at the site are favorable, a bascule can be

built in open position adjacent to one end of the old span without

interference with traffic. The old span can then be removed by floating

it away on barges and the new bascule closed, the new piers having been

built previously.

6. Vertical-lift bridges.—There are some locations where the vertical-

lift type is desirable and economical. When the floor is high above the

water, a comparatively small lift will allow all vessels to pass. When
the grade line is low, many small vessels can be passed by partly raising

the draw. When the bridge crosses a wide alluvial stream and the

channel is likely to shift its position, the fixed spans may be made alike

and each adapted to carry towers. If the channel changes, the towers,

counterweights, and machinery can be moved to other spans adjacent

to the new channel span. No other type offers such an economical

method of adjusting to fit shifting channels.

It is sometimes necessary to change an existing fixed span to a mov-
able one, when a stream is made navigable. Towers, counterweights,

and machinery can be built at the ends of two adjacent fixed spans

and the span between them transformed to a movable one.

When the ends of a draw span must be skewed, this type offers

advantages over the others, for the ends may be skewed to almost any

degree with relatively small complications.

On railways with growing traffic, parallel bridges can be added as

readily as when bascules are used. This type is also excellent when
future changes of grade are contemplated. The towers and approaches

can be built so that it is easy to change the elevation of the draw to fit

the new grades when in its closed position.

When the lower floor of a double-deck bridge is well above the water,

the lower deck is sometimes arranged to be lifted to contact with the

upper deck to allow vessels to pass underneath. In some other locations

similar construction is used, and after the lower deck has been raised

the entire structure is lifted an additional distance to clear the tallest

masts. In one such bridge, it is necessary to lift the upper deck only

about six times a day, the lifting of the lower deck being sufficient for

all the other openings. The upper deck is undisturbed when the lower

is lifted to allow the smaller vessels to pass.

Closed vertical-lift spans have no positive reactions at either end
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from dead load. Both ends must be latched down to prevent accidental

displacement. When the counterweights are connected directly to the

ends of the lift span by wire ropes or chains passing over sheaves on the

towers, the weight required at each end is one-half that of the span.

The total weight is thus much less than for bascules. The mass to be

accelerated is more than for swing spans and less than for bascules.

The friction of the mechanical parts is in about the same proportion.

The wind pressure increases the resistance to motion less than in either

of the other types. It increases the side pressure upon the guides in

the towers, but rollers and similar devices are used to diminish the fric-

tion. The power required is intermediate between that for swing and

bascule spans.

When a vertical lift is fully open the center of the wind pressure is

higher than for the other types, and care must be exercised to secure

general stability.

While there are no positive dead-load reactions at the ends of the

span itself, the weight of the span and counterweights is delivered to the

piers through the towers. Sometimes the towers are mounted upon the

ends of the adjacent fixed spans. With equal approach spans, the loads

on the two rest piers are equal. The distribution of loads on the foun-

dations is more uniform than for bascules, which is an advantage when
they are in soft material.

Like bascules, this type affords only one channel for navigation, with

the resulting danger of collisions in the channel. The time required for

small vessels to pass is less than for swing spans and about the same as

for bascules. When the span must be fully raised the time will be about

the same as for the swing type.

The floor is always horizontal and any design of pavement may
be used on highway structures.

Renewal and repairs of mechanical parts are difficult. The counter-

weight chains or cables can be renewed one at a time. When the

sheaves and trunnions must be repaired, one encounters an engineering

problem that is troublesome and expensive to solve. It is even more

difficult to renew the systems of links that are substituted for cables by

some designers.

The unit cost of the superstructure is greater than for swings but

less than for bascules. When the lift is not more than about 50 or 60 ft.,

the foundations and superstructure, complete, will cost about the same

as for a swing, but the length bridged is less. When the customary

under-clearance of from 135 to 150 ft. is required, a swing span is more

economical.

Vertical lifts are usually symmetrical and the lines of span and tower
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can be made pleasing, although the great height of the towers detracts

from the architectural effect. Sometimes a light fixed span joins the

tower-tops and is used to carry pipes and wires. Such an upper span

improves the appearance of the bridge as a whole, but should be used

only when needed. This type is convenient for double-deck bridges.

The floor joints can be arranged as readily as when swing spans are used.

7. Statistics of draw bridges.—The preceding articles have enumer-

ated some of the more salient advantages of the three most prominent

types of modern movable bridges. An engineer, when discussing with

another the question of the selection of the most suitable type, expressed

his views quite simply. His first choice was a bridge that remained

on the ground when open; his second was one that had only one end

lifted in the air; and his third, one in which both ends were lifted. That

is, first, swing; second, bascule; and third, vertical-lift.

It is interesting to ascertain the actual practice of designers in recent

years and their present tendency. For this purpose, a study was made
of the movable bridges built by the largest fabricator in the United States

during the period from 1903 to 1923 inclusive. This time was divided

into four intervals of seven, five, five, and four years, respectively. Table

2A gives the statistics in numbers and percentages. There has been

a large reduction in the construction of railway bridges since the World

War; but this is not so marked in highway bridges. In both railway

and highway bridges there is a proportionately increased use of the bas-

cule types toward the end of the period; and this tendency is more
marked in highway than in railway structures. Natural conditions at

the sites explain much of this change in practice. There are more
highway than railway bridges in cities, where property is expensive

and waterways are crowded.

Table 2B gives a summary of the three types by linear feet, percent-

ages, and weights, also, in another column, the weights per linear foot

bridged. The length covered by swing spans is much greater than for

the two other types combined, but the weight per linear foot is less

than for either. The difference in weight per linear foot is larger for

highway than for railway structures. This is because in situations

where swing spans could not be used, many city bridges have been of the

bascule type; moreover, most of the highway swing spans are small.

The selection of the most suitable type of design for any site should

be made after a thorough investigation of all economic and local condi-

tions, and the engineer should approach the problem with an open mind
and make his choice for the best interests of his clients and the Public.

8. Cost of maintenance, repairs, and operation of draw bridges.—
The cost of maintenance and repairs is an important consideration in
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determining the best design for a draw bridge. These items are con-

tinuing charges against the structure, and increase with its age. Simple

structures, with a minimum of machinery, well arranged, liberally pro-

portioned, built from the best material, and of first-class workmanship.

TABLE 2A

Movable Bridges—1903 to 1923



Art. 8] COST OF MAINTENANCE AND OPERATION 29

will be the most economical over a long term of years. The interest on

the increased first cost will be less than the larger upkeep of an inferior

structure.

Data concerning the cost of maintenance, repairs, and operation are

seldom available. This is particularly true of railway bridges, for such

costs are not made public. The Annual Reports of the Department of

Bridges, City of New York, to the Mayor; supplemented by details

published in The City Record, contain some interesting and valuable

information. Fortunately, the data are given for a variety of movable

bridge types. This information is given in condensed form in Tables

2C to 2J, inclusive. The costs, in each case, include painting, renewals

and repairs of the structure, roadways, and walks, as well as operation.

The costs for the approaches, which in some cases are very long, are also

included. It is unfortunate that the cost for the draw spans was not

kept separate, for the totals indicate disproportionately large costs for

the large bridges with long approaches, shown in Tables 2C and 2D.

These are large City swing bridges. In the case of Bridge No. 36,

Tables 2G and 2H, most of the cost for structural repairs was caused by
necessary reconstruction of parts of the bascules. Bridge No. 37,

Tables 2E and 2F, is one of the busiest known. It was opened 90,131

times in the four years. This corresponds to an average of 1877 open-

ings per month, or over 62 per day. The total cost of maintenance and

repairs for four years was $4687, or 5.2 cents per opening. Operation

cost $38,572, or 42.8 cents per opening, a total of only 48 cents per

opening. This bridge is now inadequate for the heavy street traffic and

must soon be replaced by a much wider structure.

TABLE 2C

Large City Swing Bridges

General Data

Bridge
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TABLE 2D

Large City Swing Bridges—Cost of Maintenance and Operation

1913 to 1916, Inclusive

Bridge

Number
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TABLE 2F

Small City Swing Bridges—Cost of Maintenance and Operation

1913 to 1916, Inclusive

Bridge

Number
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TABLE 2H

City Bascule Bridges—Cost of Maintenance and Operation

1913 to 1916, Inclusive

Bridge

Number



BIBLIOGRAPHY 33

TABLE 2J

City Retractile Bridges—Cost of Maintenance and Operation

1913 to 1916, Inclusive

Bridge

Number
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Portsmouth and Tiverton Bridge, R. I. Double-leaf highway, over a 100-ft. clear

channel. Designed by Mr. Augustus Smith. Stiff struts connect the leaves

and the counterweights. Motor operated. Engineering Record, Feb. 29, 1908,

p. 237.1

Retractile Bridges

Cherbourg, France. Le Pont Roulant de Cherbourg. 9S-ft. span. Hydraulic

power. Genie Moderne, Oct. 1, 1897. La Revue Technique, Feb. 25, 1897.

Madison Street, Chicago. 70-ft. channel span. Temporary. Engineering News,

1913, I, p. 1283.

New York City:

Borden Ave., Bridge No. 41, 50-ft. channel, electric motors. Carroll St., Bridge

No. 26, 36-ft. channel, electric motors. Lemon Creek, Bridge No. 34, 30-ft.

channel, manual. Washington Ave., Bridge No. 28, 36-ft. channel, electrics.

Department of Bridges, City of New York, Annual Report, 1912. ^ West-

chester Ave., Bridge No. 18, 40-ft. channel, electric motors. Ibid. Also

Engineering Record, Vol. 46, p. 79, 1902.

i

Oneida St., Milwaukee, Wis.—60-ft. channel. Temporary. Engineering News,

1913, I, p. 210.1

Price, James. A Paper on Movable Bridges.

Barmouth, River Dovey, 35-ft. channel, manual. Barry Dock, Bristol Chan-

nel, 83-ft. channel, hydraulic. Greenock Graving Dock, 60-ft. channel, manual.

Millwall Dock Passage, London, 80-ft. channel, manual. Morecomb, River

Leven, 36-ft. channel, manual. Newry Canal, 30-ft. channel, manual. Swan-

sea Lock Entrance, 75 ft. 8 in. channel, hydraulic. Swansea, River Tawe,

60-ft. channel, hydraulic. Minutes, Proceedings, Institute of C. E., Vol. LVII,

p. 38, 1879.

Victoria Bridge over the River Dee, at Queensferry. 2 leaves of 60 ft. over the

channel. Hydraulic. Engineering, London, Vol. 63, pp. 776 and 781. June

11, 1897. An abstract in Engineering Record, Vol. 36, p. 181.
i Also in Engi-

neering News, 1900, I, p. 43.1

Transporter Bridges

Duluth, Minn. The Ferry Bridge across the Ship Canal at Duluth. A Paper

by C. A. P. Turner, M. Am. Soc. C. E. Transactions, Am. Sac. C. E., Vol.

LV, p. 322, 1905. Span 393 ft. 9 in. Clearance 135 ft. above water. Electric

operation. See also Engineering News, 1902. I, pp. 227, 256, 276; i 1904, II,

p. 529; 1 1905, I, p. 552.

Marseilles, France. Span 541 ft. Clearance 164.26 ft. above water. Le Genie

Civil, Paris, Vol. XLVIII, p. 265. An abstract in Min., Proceedings, Inst. C. E.,

Vol. CLXVII, p. 404, 1907.

Newport. River Usk. Center span 645 ft. Clearance 177 ft. above water. Sus-

pension. Total length 1545 ft. Min. Proceedings, Inst. C. E., Vol. CLXVII,
p. 405, 1907; i The Engineer, London, Sept. 14, 1906, p. 263; i Inst. Mechan-

ical Engineers, London, 1906, p. 608.

Ponts k Transbordeur. An article giving data concerning several bridges. Le

Genie Civil, Paris, Vol. XLIV, p. 33, 1903-4.1

Transporter Bridges in France. A Report by F. Zanen, giving many data about

1 Illustrated.
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several bridges. Annales des Travaux Publique dc Belgiquc, Brussels, 1912,

Vol. 17, pp. 925-969.

Widnes and Runcorn Transporter Bridge. Paper by John James Webster, M. Inst.

C. E. Min. Proceedings hist. C. E., Vol. CLXV, p. 87, 1906. ^ A suspension

span 1000 ft. long. Clearance 82 ft. above high water.

Pontoon Bridges

Bengal, India. Pontoon Bridges for Road Traffic over Rivers in the Darbhangah
District, Bengal. A Paper by Edward Golding Barton, M. Inst. C. E.

Min. Proceedings Inst. C. E., Vol. CLXIX, p. 292, 1907.

^

Calcutta. Hoogly River. 1530 ft. long. 200-ft. draw span. Paper by Bradford

Leslie, M. Inst. C. E. Min. Proceedings Inst. C. E., Vol. LIII, p. 2, 1878. ^ The
Engineer, London, June 28, 1912.

^

Chicago, Milwaukee, and St. Paul Ry. Pontoon or Floating Drawbridges. Engi-

neering News, 1908, I, p. 474.'- Journal, Western Soc. Engrs., 1903, pp. 446 and
452. Trans. Am. Soc. C. E., March, 1884. Eng. News-Rec, 1920, II, p. 271.

i

Dublin, Spencer Docks, Royal Canal Entrance. Min. Proc. Inst. C. E., Vol. IX,

p. 344, 1850.1 Vol. LVII, p. 39, 1879.

Golden Horn, Constantinople. Eng. News, 1913, II, p. 1018.^ 1913, II, p. 1020.

Northwich, England. River Weaver. A swing span on a pontoon pier. Paper

by John Arthur Saner, M. Inst. C. E. Min. Proceedings Inst. C. E., Vol. CXL,
p. 72, 1900.1

Panama Canal at Paraiso, C. Z. Eng. News, 1915, I, p.
120.

i Canal Record, Dec.

23, 1914.1

Temporary foot bridge at State Street, Chicago. Eng. News, 1902, II, p. 125. i

Temporary wooden bridge with a pontoon draw at 22nd Street, Chicago. Eng. News,

1905, II, p. 698.1

Swing bridge at Curagoa, Dutch West Indies. Eng. News-Rec, 1924, II, p. 621.

Temporary bridge on Ogdcn Avenue, Chicago. 105-ft. through riveted truss span.

Wooden pontoon. Operated by an electric hoist on the pontoon. Eng.

News-Rec, 1924, II, p. 864.1

1 Illustrated.



CHAPTER III

SWING BRIDGES

1. Center-bearing and rim-bearing swing bridges.—The earliest

swing l)ridges were center-bearing wooden structures. The centers

were usually of cast iron and in some cases were fitted with steel

discs. The entire dead and live load at the center pier was carried by
the center pivot. A ring with a few balance wheels was used to main-

tain stability when the span was moving, or open.

Early in the nineteenth century, English engineers built several

rim-bearing bridges. These were mostly double-swing spans, meeting
at the middle of the channel. The arms were of unequal length, the

shorter shore ends being counterweighted. In the United States, the

earliest records found of iron bridges show the rim-bearing type. One
example is the original Rush Street Bridge, across the Chicago River, in

Chicago; this was built in 1856. In the following decade several sim-

ilar iron bridges were built, mainly across streams in the Mississippi

Valley. Some of the best were those designed by the late C. Shaler

Smith. 1 In 1871, Charles Macdonald designed and built the Point

Street Bridge, over the Providence River, in Providence, R. I.^ It is

still in service in 1926, although much overloaded by modern traffic.

The center pivot is a large iron casting with a Sellers loose cone roller

center mounted in its top. The weight of the bridge is suspended on

the center. The loading girders are placed at 45° with the center line of

the bridge and are made so that they can be adjusted to deliver all dead

load to the center. A light I-beam drum, running on a live ring of small

coned rollers, spaced far apart, serves to balance the bridge when moving,

and also carries a part of the live load when it is closed. This bridge is

a combined center- and rim-bearing structure, with the center carrying

the major part of all loads.

The use of the center-bearing type has gradually increased until it

has nearly superseded the rim-bearing type except for very wide city

highway bridges. Designs were much improved by the late C. C.

1 Draw Spans and Their Turntables, by C. Shaler Smith, M. Am. Soc. C. E.,

Trans. Am. Soc. C. E., Vol. Ill, p. 129, 1874.

2 The Point Street Bridge, Providence, R. I. Engineering, London, Feb., 1873,

p. 117; and March, 1873, p. 202.

36
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Schneider, Engineer of the Pencoyd Iron Works, in the period from

1887 to 1900. Later, while he was Consulting Engineer of the American

Bridge Company, his strong advocacy of the type, as the superior

design, influenced the opinions of many engineers and finnly established

the center-bearing design in American practice.'^

2. Superiority of center-bearing swing bridges.—The center-bearing

type is superior to the rim-bearing in several respects.

(1) It more closely approximates a fixed span. No live load is car-

ried by mechanical parts at the center. When the bridge is closed,

wedges are mechanically driven under the center cross girders, thus

delivering practically all of the live load on the center pier directly to

the masonry. A part of the live load on the middle floor panels is taken

by the center pivot, but this is only a small part of the total. All dead

load is supported by the pivot.

In the rim-bearing type, both the dead and live loads at the center

are carried by the drum, the rollers upon which it turns, the track on

which the rollers run, and finally, by the masonry near its outer circum-

ference. The primary mechanical parts thus carry a much larger pro-

portion of the total load than the pivot of a center-bearing bridge.

(2) The main trusses, or girders, are ordinary two-span continuous

structures. They are readily arranged so that there are no redundant

members. In the case of rim-bearing designs this is difficult to accom-

plish when the middle panel over the drum contains complete diagonals.

(3) It is a much simpler machine. When the span is moving, the

entire dead load is carried by the center pivot. A few balance wheels

are necessary to secure stability; but the only load upon them is any

small unbalanced load due to accidental minor differences in the weight

of the two arms, and loads from the overturning moment of the wind

pressure upon the structure. In the rim-bearing type, the dead load is

carried by a large number of rollers. The only parts to wear out under

load in a center-bearing span are the discs in the pivot. In the rim-

bearing type, the tread plates, rollers, circular roller track, the spider;

and in combined center- and rim-bearing bridges, the pivot, are all sub-

ject to wear from vertical loads.

(4) The distance from base of rail to masonry at the center is less

than for a well-designed rim-bearing span. This is often a determining

consideration in heavy bridges.

(5) The center pier may be smaller. In wide bridges the balance

wheels and center wedges are often placed well inside of the planes of

the trusses.

3 Movable Bridges, by C. C. Schneider, Past Pres. Am. Soc. C. E., Trans. Am. Soc.

C. E., Vol. LX, p. 258. 1908.



38 SWING BRIDGES [Chap. Ill

(6) The shop work is simpler. The pivot and discs are the only-

parts requiring extreme accuracy of workmanship. The balance wheels

and their track must be finished, but as the wheels only carry small loads,

slight inaccuracy in the workmanship does not seriously affect operation.

In a rim-bearing bridge, the drum and lower track must be truly circular

and of the correct diameter. The tread plates on each must be accu-

rately finished to exact diameter and coning. The rollers must be

exactly alike and correctly coned. The circular frame in which the

rollers run must be circular and in a plane. The roller axles must be

radial. The struts from the roller ring to the spider must be of exactly

the right length. The spider, turning around the pivot, must be fitted

to turn freely, and the pivot accurately finished. When a combined

center and rim-bearing design is used, the discs within the pivot must be

as carefully made as those for a center-bearing span.

(7) A center-bearing bridge is easier to erect and adjust than one

of the rim-bearing type. The center pivot, the balance wheels and their

track, and the wedges are the only primary mechanical parts that must
be accurately adjusted at the center. In a rim-bearing span the dis-

tributing girders must be adjusted to the drum. The drum and lower

roller track, and the tread plates on each, must be truly horizontal,

circular, and concentric with the pivot. The many rollers must be

radial and at exactly the correct distance from the center of the pivot.

Their axles must be truly radial. The roller ring must be circular and

concentric with the pivot. The struts must be radial and connected

to the spider so that it will turn freely around the pivot. The whole

device is a complicated mechanism, difficult to install accurately.

When a new bridge replaces an old one and traffic must be maintained

during erection, the difficulties are much increased. The proper

installation of such a bridge turntable is one of the most troublesome of

erection problems.

(8) There is no tendency to displace the pivot of a center-bearing

bridge when turning. Any inaccuracy in workmanship or erection of a

rim-bearing turntable results in a tendency of the rollers to crowd

inward or outward, causing large horizontal stresses on the pivot.

When the radials are too weak, the spider binds and lags behind the

rollers, causing large stresses and rapid wear of the spider and pivot. It

is quite common for the center castings to become loosened by these

forces, when anchored by bolts. They are sometimes embedded in

the masonry, to prevent this. While this may secure the pivot, the

destructive wear goes on and the resistance to turning is increased.

(9) A center-bearing bridge turns more easily than a rim-bearing one.

While the frictional resistance is less, the difference only becomes sig-
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nificant when the rim-bearing turntable is not properly made and

installed.

(10) When the center pier settles, a center-bearing bridge can

easily be repaired. It is quite a simple matter to re-level the center

pivot and balance-wheel track. The span can be lifted bodily by jacks

under the center cross girders, and the pivot restored to proper line and

level. The balance-wheel track can then be leveled by shims. A sim-

ilar pier settlement under a rim-bearing bridge is a more serious matter.

The drum carries all of the load and is near the circumference of the

pier, and there is no convenient way of placing jacks to lift the span.

Repairs are troublesome and expensive, and unless extreme care is

taken the results are uncertain.

(11) The center-bearing type affords a better distribution of loads

upon the center pier than the rim-bearing design. With a rim bearing,

the entire dead and live load is applied near the circumference of the

pier and none at its center. The pier must be large and there is a waste

of masonry if it is built solid. When it is built hollow, with a central

shaft for the pivot, there is danger of unequal settlement, which is likely

to cause cracks. In the center-bearing type, all of the dead and a part

of the live load is carried at the center of the pier and the major part of

the live load is delivered to two points symmetrical with respect to the

center, by the center wedges and their pedestals. The load is thus well

distributed over a smaller pier than would be needed for a rim-bearing

draw, and it may be made solid without waste of masonry.

(12) When the bridge is not too wide, a center-bearing draw weighs

less than a rim-bearing span of the same length and capacity.

(13) The unit cost of fabricating and erecting the superstructure

of a center-bearing draw is less than that of a rim-bearing.

(14) The maintenance and repairs are less than for the rim-bearing

type.

3. Statistics of swing bridges.—A study has been made of 174 rail-

way and 43 highway bridges, built in the period from 1903 to 1923.

Table 3A gives the results. It was found that over 73 per cent of the

railway and 60 per cent of the highway bridges were center-bearing. A
comparison of the weights of the superstructures proved that while 57

per cent of railway tonnage was center-bearing, this type comprised only

31 per cent of the highway tonnage. This is largely due to a preference

on the part of engineers for the rim-bearing type when the bridges have

wide roadways and are of heavy construction.

While the data were taken from the records of only one manufac-

turer, it is believed that they fairly represent the average practice in the

United States for the past twenty years.
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TABLE 3A

Swing Bridges—1903 to 1923

Type
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There is a four-track, center-bearing bridge on the Bessemer and

Lake Erie Railroad at Conneaiit Harbor, Ohio.^ This bridge is notable

because it has four tracks, each carrying EGO loading, while the dis-

tance from base of rail to the center masonry is only 5 ft. 8 in. The
trusses have an under clearance of only 3 ft. 3 in., below the base of rail.

There are two main trusses, 32 ft. 7 in. center to center, and two out-

side trusses the centers of which are 16 ft. outside of the main trusses.

Overhead transverse trusses serve to support the outer longitudinal

trusses. The bridge is 235 ft. long and weighs 1400 tons.

The Coos Bay single-track, center-bearing draw span of the Willam-

ette Pacific Railroad is 458 ft. long, and is probably the longest center-

bearing span built up to the present time. There is no reason why still

longer spans should not be built when required.

The longest draw bridge in the United States is the double-track,

rim-and-center-bearing swing span across the Willamette River, near

Portland, Oregon. It is 521 ft. center to center of end supports, and

524 ft. 2 in. out to out.^ The distance from base of rail to the masonry

of the center pier is 21 ft. 10 j^ in. The weight, fully equipped, is 2750

tons.

The longest four-track swing span in the United States is the Harlem
River Bridge, of the New York Central Railroad, in New York City.**

It is 389 ft. long, between centers of end supports. There are three

main trusses and a solid plate-and-angle trough floor. The super-

structure is carried by a double drum, turning on two sets of 72-coned

rollers. The outer rollers are 24 in. and the inner 20x^ in. in diameter,

both with 11-in. face. The turning weight is 2500 tons.

5. General.—A few diagrams of various types of swing draw bridges

follow. No details of the design of the structural steelwork will be

given. Simple methods of making stress calculations are developed in

Chapter VII. After the stresses are known and properly combined,

the methods of proportioning the steelwork outlined in any good specifi-

cation for fixed spans apply to similar members of draw bridges. Care

must be taken to make adequate provision for stress reversals, which
occur in more members than in fixed spans of similar size. Attention

must also be given to the lateral and transverse bracing, particularly

at the center of the bridge. The stability of the open bridge should

also receive special consideration. In center-bearing bridges the design

* A Four-Track, Center-bearing, Railroad Draw Span, by Louis H. Shoemaker,
M. Am. Soc. C. E. Trans. Am. Soc. C. E., Vol. LXXV, p. 711, 1912.

5 The Vancouver-Portland Bridges, a Report by Ralph Modjeski, M. Am. Soc.

C. E., Chief Engineer, 1910.

6 Engineering News, 1893, I, p. 559; II, pp. 167, 285; 1896, I, p. 293.
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of the center cross girders of heavy spans must be carefully studied.

Suggestions relative to the design of the drums of rim-bearing bridges

will be given in the Specifications for Movable Bridges, in Appendix

A of Vol. II.

A few typical truss outlines of several classes of swing spans are given

in Articles 6, 7, 8, 9, 10, 11 and 12. Combined center sections and end

elevations of typical designs are also shown. The distances from base of

rail, or top of floor, to masonry at the ends and centers of the spans, are

shown by dimensions below the diagrams, near the left ends and the

centers. No odd or unusual designs have been selected.

Approximate weights of the steelwork are given to assist in deter-

mining dead-load assumptions for new designs. As the dead weights

depend upon the unit stresses and methods of design, as well as the

load capacity of the bridge, the live loads and specifications for each

example have been noted. The probable weights for new designs for

other loads and specification requirements may be closely estimated

from the data given.

6. Single-track, deck plate girder, center-bearing swing spans.—
The general arrangement and principal dimensions of a series of single-

track, deck plate girder, center-bearing swing spans are shown in

Fig. 3A, (a), (6), and (c). These bridges were designed for Cooper's

Class E50 live loads, and in accordance with the 1908 Specifications of

the Seaboard Air Line Railway. Single center cross girders were

used, superposed on the center pivots. The turning and wedging

machinery is operated by man-power, applied by an ordinary capstan

on the deck, near the middle of the span.

A combined center section and end elevation of bridge (c) is shown

in Fig. 3B (a). The center pivot turns on two discs 12 in. in diameter.

The upper is of bronze, convex downward, and the lower of steel, con-

cave upward. The center and end wedges move longitudinally. Coun-

terweighted latches were used at both ends of the span. The two trans-

verse balance wheels and the track are outside of the main girders, and

the two longitudinal wheels are attached to transverse girders. Vertical

adjustment was provided by shims between the center cross girders and

the pivot, and between the main girders and the upper wedge seats.

7. Single-track, through plate girder, center-bearing swing spans.—
The general arrangement and principal dimensions of a single track,

through plate girder, center-bearing swing span are shown in Fig. 3A,

(d). This bridge was designed for a live load of about Cooper's Class

E55, followed by 5000 lbs. per linear foot, and in accordance with the

Common Standard Specifications of the Southern Pacific Company.

Two center cross girders were used, as the floor was shallow. The
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Single-track, Deck Plate Girder, Center-bearing Swing Spans.
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Single-track, Deck Plate Girder, Center-bearing Swing Span.
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center discs are 16 in. in diameter. The machinery is operated by
man-power, applied by a capstan. Fig. 3B, (6), is a combined center

Single-track, Center-bearing, Railway Swing Spans.
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section and end elevation. The balance wheels are outside and the

rack is inside of the main girders. Vertical adjustment was made by
shims. End wedge reaction, 167,000 lbs.; center wedge reaction,
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287,000 lbs. ; and maximum load on the center, 419,000 lbs. The weight

of the steelwork was 322,000 lbs., of which 34,000 lbs. was machinery.

This bridge was built in 1906.

8. Single-track, center-bearing, railway swing spans.—The general

arrangement and dimensions of the trusses of six single-track, center-

bearing, railway swing spans are shown in Fig. 3C. Bridges (a), (c),

and (e) are riveted throughout; (6), {d), and (/) are riveted, except that

eyebars, with pin connections, are used in the middle panels of the upper

chord. The live loads and specifications for which these bridges were

designed and the reactions and weights are given in Tables 3C and 3D.

TABLE 3C

Live Loads and Specifications

Figure
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Single-track, Center-bearino, Railway Swing Spans.
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A combined center section and end elevation of the 257-ft. 6-in.

span, Fig. (b), is shown in Fig. 3D, at (a). A single center cross girder

was used, superposed on the pivot. This bridge is operated by man-

power, applied by a capstan on the floor. The pivot has three discs 18

Double-track, Center-bearing, Railway Swing Spans.
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ins. in diameter, the top and bottom discs of tempered steel and the mid-

dle one of hard bronze. The center and end wedges move longitudinally

and are operated simultaneously, as is the usual practice with this

design. There are four balance wheels, the transverse pair mounted on

cantilever brackets opposite the center cross girder and the longitudinal
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pair on girders between the trusses. Height adjustment is made by-

shims.

Fig. 3D, at (b), shows similar details of the 280-ft. span (c), of Fig.

3C. The arrangement is shnilar to that in Fig. 3D, (a). In this bridge

two center cross girders were necessary; and eight balance wheels were

required ; the four transverse ones were mounted on cantilever brackets,

opposite the center cross girders, and the four longitudinal ones were

placed directly under the stringers. The pivot turns on two discs 24 in.

in diameter. The upper is of tempered steel and the lower of hard

bronze. This bridge is operated by a heavy, truck-type, high-speed

gasoline engine. Details of the machinery are given in Volume II,

Chapter III, Art. 4. As usual, the latches are of the automatic, bal-

anced type and the height adjustment is by shims.

9. Double-track, center-bearing, railway swing spans.—A group

of diagrams of four double-track, center-bearing, railway swing spans

is shown in Fig. 3E. Bridges (a) and (6) are riveted throughout, and

(c) and (d) are of the same construction except that eyebars and pins

were used in the middle panels of the upper chord. The live loads and

specifications for which these bridges were designed and the reactions

and weights are given in Tables 3E and 3F.

TABLE 3E

Live Loads and Specifications

Figure
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the masonry to distribute the loads. The end wedges move longitudi-

nally, and those at the center move transversely. The pairs of trans-

verse balance wheels are carried by cantilever brackets, in line with the

cross girders and the longitudinal pairs on short transverse girders.

The pivot turns on three discs, 30 in. in diameter. The top and bottom

discs are of soft steel, case-hardened and accurately ground to spherical

bearing surfaces. The middle disc is of hard bronze.

TABLE 3F

Reactions and Weights

Figure
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faces accurately ground. The middle disc is of hard bronze. Special

provision is made for lubrication and cleaning. As this bridge is a

double-deck structure, the surface exposed to wind pressure is large,

with the result that there are heavy pressures on the transverse balance

wheels. The reaction is 378,000 lbs. Four wheels were used on each

Double-track, Rim-bearing, Railway Swing Spans.
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side, equalized in pairs. Two pairs were used longitudinally, making
a total of twelve wheels for the bridge. The wedges all move longi-

tudinally and are the largest yet built.

The mechanism is operated by electric motors. Four main pinions

engage the rack on the center pier. Details of the machinery are given

in Volume II, Chapter III, Art. 6.
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10. Double-track, rim-bearing, railway swing spans.—The truss

outlines of four double-track, rim-bearing, railway swing spans are

shown in Fig. 3H. Bridge (a) is riveted, except that eyebars and pins

are used in the three middle panels of the upper chord. Bridge (6) is

pin-connected throughout, and eyebars are used in all purely tension

members. Bridge (c) is riveted, except for the use of eyebars and pins

in the three middle panels of the upper chord and the upper half of the

adjacent diagonal web members. Bridge (d) is pin-connected except

for the small vertical web members and the bracing between the middle

posts. This is the span mentioned in Art. 4 as the longest swing span in

the United States. The live loads and the specifications for which they

were designed and the reactions and weights are given in Tables 3G
and 3H.

TABLE 3G

Live Loads and Specifications

Figure
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A combined center section and end elevation of bridge (a) is shown

on Fig. 31. This is a typical illustration of the method of building a

combined center-and-rim-bearing draw. This bridge carries a light

load, for a double-track railway structure, and the depth from base of

rail to masonry was made as small as would allow satisfactory details

and a good drum. About 29 per cent of the total load is carried by

the center pivot and 71 per cent by the drum. The radial distributing

girders are 45 in. deep, and the drum is 48 in., from back to back of

angles. The drum turns on 48 cast-steel coned rollers, 18 in, in diam-

eter, with 10-in. faces. There are three center discs, 20 in. in diam-

eter, of the usual materials. The provision for draining the area within

the roller track should be noted.

The end wedges are of the ordinary type, and move longitudinally.

Sliding end rail latches, which fit the rail contours, are operated from

the bridge end-lifting mechanism. These latches are withdrawn before

the end wedges begin to move, and are driven after the ends have been

lifted by an ingenious special device.

11. Center-bearing, highway, swing spans.—The truss outlines of

four center-bearing, highway, swing spans are shown in Fig. 3J. The
live loads and the specifications for which they were designed and the

reactions and weights are given in Tables 31 and 3J.

Bridge (a) has a 24-ft. roadway and one 5-ft. sidewalk. Two elec-

tric railway tracks are spaced symmetrically about the center line. As

this is a temporary structure on a very busy highway with heavy traffic,

the roadway is paved with creosoted wooden blocks. The pavement

rests on 2-in. transverse planks, laid on 3-in. longitudinals supported by
transverse ties, spaced 16 in. between centers. The bridge is operated

by electric motors, controlled from a small cabinet in the plane of the

truss adjacent to the sidewalk.

Bridge (6) has a 19-ft. 8-in. roadway, with a single, standard-gauge

railway trackon the center line. There is one sidewalk 6 ft. wide. The en-

tire floor is covered with buckle plates, filled with concrete, which forms the

roadway and sidewalk surfaces. The bridge is operated by electric motors,

controlled from a house above the clearance line, in the middle panel.

Bridge (c) has a 21-ft. roadway, with one standard-gauge railway

track on the center line. The pavement is of 3-in. creosoted wooden

blocks, laid on 3 by 6-in. transverse planks, fastened to spiking strips on

the stringers. The bridge is operated by electric motors, controlled

from a small operator's house on cantilever brackets in the middle

panel, and outside of one of the trusses. The arrangement of the

machinery is shown in Volume II, Chapter III, Art. 3. Two duplicate

bridges were built from these plans.
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Bridge (d) is an important city structure. The roadway is 23 ft.

4 in. between curbs and has two electric railway tracks, spaced sym-

metrically about the center line. A wood-block pavement was laid on

Center-bearing Hghway Swing Spans.
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heavy transverse planks. There are two sidewalks 6 ft. wide. The

bridge is operated by electric motors below the floor and controlled

from an operator's house in the middle panel, above the roadway clear-
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ance line. The house also contains an auxiliary gasoline engine for

emergency operation.

TABLE 31

Live Loads and Specifications

Figure
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A combined center section and end elevation of bridge (a) is shown

in Fig. 3K. The center wedges are placed well inside of the planes of

the trusses, in order to reduce the diameter of the center pier. The
center pivot turns on two discs 15 in. in diameter, the upper of hard

bronze and the lower of tempered steel. Both the end and center

wedges move longitudinally. Four balance wheels were used. The
rack and balance-wheel track were combined in units and cast

in segments. The entire structure is about as simple as it can be

made.

Figure 3L gives similar details for bridge (d). Two center cross

girders were necessary, and short longitudinals, resting on the center

pivot, were framed between them. This construction allows deep

cross girders without unduly increasing the distance from the floor to

the masonry. The center pivot turns on three discs 30 in. in diameter,

the middle one of hard bronze, and the top and bottom ones of hard-

ened steel. There are four center wedges at the intersection of the

trusses and cross girders. These move transversely, but the end

wedges move longitudinally. There are four transverse balance

wheels, two on each side, carried by cantilever brackets opposite the

cross girders. Two pairs of longitudinal wheels are supported by the

short transverse pinion girders. The two main pinions are on the

center line of the bridge. The span is turned by two 52-h.p. motors,

one adjacent to each pinion. The center and end wedges are driven

simultaneously by a 20-h.p. motor near the middle of the span. One

20-h.p. gasoline engine in the operator's house is geared to operate the

bridge slowly when the electrical equipment is out of service. A set of

special transmission gears and clutches, adjacent to the engine, provides

for forward and reverse movements of both the turning and wedging

apparatus from the engine ; which is of the ordinary non-reversible four-

cycle, heavy, single-cylinder type. There is a band brake on the first

counter shaft from each turning motor, also a similar brake on the gas-

oline engine transmission mechanism in the house.

12. Rim-bearing, highway swing span.—Figures 3M and 3N show

the skeleton and sections of the Madison Avenue Bridge over the Har-

lem River, in New York City. The span is 300 ft., from center to center

of the end supports. There are three trusses, spaced 30 ft. between

centers. The two roadways are 27 ft. between curbs and each has an

electric railway track near the middle truss. The two sidewalks are

9 ft. wide and are on cantilever brackets outside of the trusses. The
entire floor is covered with buckle plates, filled with concrete, which

supports a wood-block pavement on the roadways. The sidewalks

have granitoid surfaces.
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The system of distributing girders is shown on Fig. 3N, at (c).

The drum is loaded at 12 points, and the girders are arranged so that

the distribution is practically determinate. The drum turns on 72

rollers, 24 in. in diameter, with 12-in. faces. They run in an annular

channel frame, with a third channel 3 ft. 6^ in. inside of the center of

the drum. The roller axles are short, only extending through the three

channels of the circular frame. There are 16 radial struts connecting

the roller frame with the central spider. The drum has 12 triangular

radials, with three panels of bracing between each pair.

The end lifts are vertically moving rams, actuated by toggles.

The mechanism is arranged so that in case of an over-drive the rams

are lifted from their seats, and there is no danger of damage. The

end latches are of the ordinary counterbalanced type, but the catches

on the piers are pivoted to short vertical links and diagonal springs.

Rim-bearing Highway Swing Span.
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When the bridge approaches with too great a velocity to allow the

springs to stop it, the latch carries the catch away with it until it becomes

disengaged. The bridge is then free to move on, and the catches are

brought to central position by the springs. The springs are so designed

as to be strong enough to turn the bridge slowly and bring it to true

central position.

This bridge is turned by two 40-h.p. electric motors, geared to two

main pinions. The mechanism has been satisfactory in operation.

The steelwork and machinery weigh 3,130,000 lbs. The bridge was

designed by the Engineers in the Department of Bridges, of the City of

New York, and was built in 1910.

13. Distribution of loads to drums of rim-bearing draw bridges.—
A study of the failures of the turntables of rim-bearing draw bridges

indicates that they are nearly all due to unequal distribution of the

loads to the drum and rollers upon which the span revolves. In a
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well-designed bridge the weight of the span is distributed to the drum
by a system of girders which have definite and equal static reactions

from the drum.

Figure 30 shows a few arrangements that have been used. In each
sketch AB and CD are the lengths of the middle panels of the main

h

Ll.

c

d

(b)

Fig. 3 0.

trusses, measured on their center lines. In order to compare the diam-
eters of the drums required by the various designs, it is assumed that
the main trusses, or girders, are 18.5 ft. apart, from center to center.

This is about the average distance required for modern, heavy, single-

track, railway swing spans.

In Fig. (a), the load is distributed equally to the four points A, B,
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C, and D. The middle panel, AB, is the same as the truss spacing, or

18.5 ft. The diameter of the drum is 18.5 X sec. 45°, or 26.16 ft.

This design requires a large drum, which must be deep for stiffnc^ss;

and the loads will be taken by a few of the wheels near the loaded points.

It is suitable for light bridges only, when the depth from floor to masonry

is ample.

Figure (&) shows a much better design. The load is distributed

equally to the eight points a, b, c, d, etc. The diameter of the drum is

18.5 X sec. 22^°, or 20.03 ft. This design has been used for single-

track and heavy double-track bridges with good results.

Figure (c) shows another method of distributing the load to eight

points of the drum. Four transverse girders, HG, LK, IJ, and EF,

rest upon the drum at points a, b, c, d, etc. The middle panel points of

the main trusses are supported by the short girders IIL, IE, etc., which

are framed into the transverse girders. The diameter of the drum is

made such that HA = AL, etc., or D X cos. 22|° - 18.5 = 18.5 - D
X sin 22^°; in which D = the diameter of the drum. From this

expression, D = 28.32 ft.

The designs in Figs, (b) and (c) are such that the drum diameter bears

a fixed relation to the spacing of the trusses, and the middle panel must

equal the truss spacing. This is sometimes inconvenient, as in a case

where a new bridge must be built on an old pier. Fig. (d.) is a variation

of Fig. (c). The drum diameter is assumed and the length of the middle

panel is made to fit the drum. Assume that the trusses are 18.5 ft.

from center to center, and the drum is 25 ft. in diameter. Let x = the

length of the middle panel; then 25 X cos 22|° — a; = a: — 25 X sin

22^°, or X = 16.33 ft. It should be noted that while HA = AL, etc.,

the distance Ec is greater than bl, and the transverse girder, EF, must

be made heavier than be.

The designs shown in Figs, (a), (6), (c), and (c/), all distribute the

entire load to the drum. The center carries no load, but must be

anchored to the masonry to resist any horizontal forces developed during

the rotation of the span. These forces become large unless the track,

wheels, and live ring are very accurately made and carefully adjusted.

The center pier is loaded only near its circumference. To assist in

holding the center in place and to partly distribute the loads over the

surface of the pier, a part of the weight can be delivered to the center

pivot. This type is known as a combined rim- and center-bearing

bridge.

Figure (e) shows a method of distributing the weight to the center

and eight points of the drum. Eight radial girders Oa, Ob, etc., are

framed into the drum, and attached to a revolving ring on the pivot.
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Short girders at A, B, C, and D, are framed between the radials and

support the middle panel points of the trusses. About one-fifth of the

load should be delivered to the center. If less than this, the distances

Eb, etc., become too short to provide for the shears at the outer ends of

the radials. Using the same truss spacing and middle panel length as

in the preceding cases, the diameter of the drum becomes, D = | X
18.5 X sec 45° X sec 22|° = 35.4 ft. This design requires the largest

drum and center pier of the six types shown.

In order to secure a better distribution to the drum and reduce its

diameter, 16 radial girders may be used, as shown in Fig. (/). The

diameter of the drum now becomes D = ^ X 18.5 X sec 22|° X sec

lli° = 25.52 ft.

The diameters of the drums required by the several types of distri-

bution, and the percentages of the smallest, are given in Table 3K.

TABLE 3K

Type



66 SWING BRIDGES [Chap. Ill

Many other types of construction have been used, but these selected

designs are all practical and efficient and have the advantage that the

distributions are statically determinate. Any type in which careful

adjustment for deflections must be made during erection should be

avoided.

14. Single-track, railway, shear-pole swing span.—The general

arrangement of a single-track, railway, shear-pole swing span is shown

in Fig. 3P. This is the cheapest of all types of swing bridges. When
the navigation traffic is small and openings infrequent, particularly in

locations where navigation is closed during the winter, this design has

been quite satisfactory. Most shear-pole bridges are on small railroads

and branch lines, but there is one case where four double-track bridges

have been in service under heavy main-line traffic for twenty years.

The maintenance cost has been very small and no trouble has been

experienced in operation.

The shear poles are usually of steel. The centers are of the simple-

pivot, disc type. Both the dead and live loads are delivered to the pivot

by cross girders. Wedges are rarely used. Two transverse balance

wheels steady the span, when swinging. The free ends of light bridges

are supported by rollers, running up on an inclined track until they

register against stops on the pedestals. For bridges under heavy traffic,

wedges at both ends would be desirable. The center of the pivot on

the shear pole is set slightly eccentric with respect to the pivot on the

pier, in such a way that the free end of the bridge is lifted a little when

moving to open position. This assists in closing. The most common
method of operation is by means of hand winches on the draw pro-

tection. Two drums are provided, one for opening and the other for

closing.

A single-track deck plate girder bridge which provided a 40-ft.

clear opening, between fenders, was 56 ft. 2^ in. long. The shear pole

was of steel. The live load was Class E40 and the specifications were

those of the American Bridge Co., of 1900, for medium steel, at 17,000

lbs. per square inch in tension.

The weight of the steelwork was 44,000 lbs.

The weight of the machinery was 13,000 lbs.

Total weight 57,000 lbs.

A similar double-track bridge, with two single-track spans opening

in opposite directions, which gave a clear opening of 30 ft., was 46 ft.

5| in. long. One wide shear pole was used. When designed for E44

loading and for the same specifications, the total weight was 150,000 lbs.
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15. Approximate weights of railway swing spans.—Most first-class

American railways now specify live loads of about Cooper's Class EGO.

A few still use E55, and some base their loads upon the Santa Fe type

or Mallet locomotives, longer and heavier than EGO. Full details of

the Class E loads and a new series based upon the Mallet type and

designated as Class M, may be found in the " Final Report on Specifica-

tions for Design and Construction of Steel Railway Bridge Super-

structure." by the Special Committee of the American Society of Civil

Engineers." Many valuable tables of moments and shears for both

systems are given.

The choice of live loads is made with reference to the rolling stock

in use on the railway and with due allowance for the probable increase

after the ])ridge is built. AMien a draw bridge is to be designed for a

certain live load, it is necessary to determine the approximate weight of

the steelwork before stresses can be calculated. The best method is to

base the preliminary weight upon the known weights of existing struct-

ures of similar length, capacity, and design.

Treatises on bridge design seldom give adequate data concerning

the weights of movable structures and such data are often omitted from

descriptive articles in the engineering periodicals. In order to supply

this lack, a few charts are given in Figs. 3Q to 3U, showing the actual

weights by points plotted to scale. The span lengths are taken as

abscissas and the weights, in hundreds of thousands of pounds, as

ordinates. On each chart a curve is also shown. They are in the form

represented by W = aS'-^ + bS, in which W is the weight of the steel

superstructure, complete, in pounds, and S is the span length, from center

to center of end supports. The values of the coefficients, a and b, have

been determined for the most probaljle curve of this type, the reductions

having been made from the actual weights by the method of least squares.

When the weight of a swing span is known for a certain span length,

live load, and method of design, the approximate weight for a heavier

or lighter load is readily found b}^ applying corrections based upon
experience. For example, when the weight is known for a Class E50 load

a similar bridge of the same length and for the same specification, but

designed for an EGO load, should not weigh over 10 per cent, more than

the E50 span. This assumes that both spans have been designed

with economical outlines and floor depth. For approximate preliminary

assumptions, known weights may be varied upward and downward by
10 per cent for each variation of ten units in the E Class designation of

the live load.

' Trans., Am. Soc. C. E., Vol. LXXXVI, p. 471, 1923. Also issued in pamphlet
form.
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Fig. 3Q. Southern Pacific Co.'s single-track, through, riveted, center-

hearing, swing spans.—It is unusual to know the weights of a series

of swing draw bridges of different lengths, all designed for the same

Single-track, Through, Center-bearing Swing Spans. Southern Pacific Co.,

Specifications 1005 of 1909.
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load and under the same specifications. The labor of making such a

series of designs and estimates is almost prohibitive. Fortunately,

it is possible to give the weights for one such series, which is valuable
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as a basis of comparison. This includes eight single-track railway

swing spans of various lengths from 101 ft. to 458 ft. Their weights are

plotted on Fig. 3Q, by points. They were all designed in accordance

with the Southern Pacific Co.'s Common Standard Specifications,

1006, of 1909. The live load was about Class E55, but the two

engines were followed by 5000 lbs. per linear foot in place of 5500, as in

E55. The method of design was based on the fatigue theory, using

tension unit stresses of 8000 (1 + -—

—

'-] lbs. per sq. in. reduced for
V Max./ ^ *

compression ]>y the formula,

C = 8000A + ^^] - -id.
\ Max./ r

These bridges are heavier than if they had been designed for the same

loads in accordance with the Specifications of the American Society of

Civil Engineers, of 1923.

The equation of the most probable curve of weights is:

W = 5.7*S-' + 1430.S: (1)

The curve is extended at both ends by broken lines, to indicate the

weights beyond the limits of the span lengths from which the" equation

was determined. The part for the shorter spans is of uncertain value.

Fig. 3R. Single-track, through, riveted, center-hearing swing spans.—
The weights of twenty-eight single-track, through, riveted, center-

bearing swing spans are plotted on Fig. 3R, as plain points. Those

of five through plate-girder spans are shown by points in a circle.

None of these bridges were designed for less than E50, others for about

E55, and nearly one-third of them for E60 loads. Most of the specifica-

tions were similar to those of the American Railway Engineering Asso-

ciation, of 1910. Impact was calculated from the formula.

I = s-
300

300 + L

The tension unit stress basis was in most cases 16,000 lbs. per sq. in.

The bridges represented by points far from the curve were designed in

accordance with special requirements. All spans were considered in

calculating the curve, which may safely be taken as representing the

weights of E50 spans up to about 225 ft., and for E55 for longer spans.

The equation of the curve is

:

W = 8.92S^ + 280^ (2)
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The weights become uncertain on the broken Kne extensions of the

curve, particularly for the shorter spans.

Single-track, Through, Center-bearing Swing Spans.

200 300 400

Span in feet

Fig. 3R.

Fig. 3S. Single-track, through, rim-bearing swing spans.—The

weights of seventeen single-track, through-truss, rim-bearing swing

spans are plotted by points in Fig. 3S. It will be noted that this curve

closely corresponds to that in Fig. 3R. These rim-bearing bridges were
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built earlier than most of the center-bearing bridges plotted in Fig.

3R, and for lighter loads. A few were designed for E40, some for E45,
and most of the others for E50. The curve in Fig. 3S may be rather

Single-track, Through, Rim-bearing Swing Spans.
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light for E50, which explains the close agreement with that in Fig. 3R.

Rim-bearing spans are heavier than center-bearing for the same condi-

tions and span lengths. The equation of the curve is:

W = 9S^ + 225S (3)
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The broken line extensions are even more uncertain than those in the

preceding article.

Fig. ST. Double-track, through, riveted, center-hearing swing spans.

—The weights of twelve double-track, through, riveted, center-bearing

Double-track, Center-bearing, Riveted Swing Spans.

200 300 400
Span in feet

Fig. 3T.

600

swing spans are plotted by points in Fig. 3T. None of these bridges

were designed for loads less than E50, and most of them for E55 and

E60 loads. The curve of weights is safe for E55, up to about 150 ft.
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span and probably for E60 for longer spans. The equation of the

curve is:

W = 5.32S-' + 5100,S (4)

Double-track, Through, Rim-bearing Swing Spans.

100 200 300 400
Span in feet

Fig. 3U.

500 600

The broken line extensions of the curve are quite uncertain, particularly

for the shorter spans.

Fig. 3U. Double-track, through, rim-hearing swing spans.—The
weights of nine double track, through, rim-bearing swing spans are
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plotted by points in Fig. 3U. Nearly all are pin-connected truss spans.

Most of the designs were for E50 to EGO loads, and were made in accord-

ance with a variety of specifications. The curve represents about E50

loading up to 250 ft., and E55 for the longer spans.

The equation of the curve is

:

W = 10.9*S2 + 3080>S (5)

The weights in the broken-line extensions are very uncertain.

16. Approximate weights of through-truss, highway swing spans.—
Railway bridges are usually single- or double-track structures, and

their widths are nearly constant for each type. Thus it is easy to com-

pare the weights of spans of different lengths and loadings. This is

not true of highway bridges. The roadways may be of any width

and many also have sidewalks outside of the trusses. Bridges of the

same length and for the same live loads, when designed for the same

specifications, may vary widely in total weight. Some basis of com-

parison is desirable.

The tendency of modern specifications for highway loads is to

designate certain loads on parallel lanes of traffic. Such loads represent

traffic conditions better than the former system of uniform live loads

per square foot of roadway, combined with heavy truck or wagon loads

on any part of the roadway. Two of the latest specifications designate

loads to he applied on parallel lanes of traffic 9 ft. Avide. They are the

" Final Report on Specifications for Design and Construction of Steel

Highway Bridge Superstructure," being the report of a Special Com-
mittee on Specifications for Bridge Design and Construction, of the

American Society of Civil Engineers, dated Feb. 4, 1924.^ Also the

" General Specifications for Steel Highway Bridges," of the American

Railway Engineering Association, Dec, 1923.^

A study of the weights of highway swing spans, reduced to the

weights corresponding to a 9-ft. lane of traffic, demonstrated that they

then formed a reasonable basis for comparison. While the available

data are much less complete than those for railway structures, it is

thought that the results of the study are of enough value to be given

in convenient form for easy use. Figs. 3V, W, and X show the weights

reduced to 9-ft. lane widths, plotted by points, and on each chart a

curve is drawn. These curves were developed in the same manner as

those shown in Art. 15. The lane-weights were taken from the expres-

sion:

9
Lane-weight = total weight X . , , (6)

width

8 Trans. Am. Soc, C. E., Vol. LXXXVII, p. 1273, 1924.

^ Bullelin 262 of the American Railway Engineering Association, Dec., 1923.
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In this the term " width," is taken as the width of the roadway, when

there are no sidewalks, or the width of the roadway phis the width

of one sidewalk.

Highway, Through, Center-bearing Swing Spans.

•o
c
3

X3
c
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200 300 400
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Fig. 3V

500 600

Fig. 3V. Ordinary highway, center-bearing swing spans.—The 9-ft.

lane-weights of eight ordinary highway, center-bearing swing spans are

plotted by points on Fig. 3V. The live loads were usually based upon
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about 100 lbs. per square foot of roadway, combined with wagon, truck,

or road-roller loads in considerable variety. The specifications were

also quite varied. It is evident that the curve shown must be consid-

ered as only an approximate guide, and its accuracy is less than those

given for the railway bridges.

The equation of the curve is

:

W = 2.17S^' + 205S (7)

The broken-line extensions for the shorter spans are of uncertain value,

but such short spans are of little practical use.

It must be remembered that W in (7) is the weight corresponding

to a single 9-ft. traffic lane. For example: if W is found for a certain

span length and the roadway is 27 ft. wide, the weight of the span is

Fig. 3W. Light highway, rim-hearing swing spans.—The 9-ft. lane-

weights of five light highway, rim-bearing swing spans are plotted by

points on Fig. 3W. These bridges were all unusually light and were

built several years ago. It will be noted that they weigh less than center-

bearing bridges of the same lengths. If the loads had been as heavy

as those for the center-bearing bridges, their weights would have been

greater than for the corresponding center-bearing designs. Two of these

spans had light, narrow sidewalks.

The equation of the curve is

:

W = 1.58.S2 + 210,Sr (8)

The l^roken-line extensions of the curve are of uncertain value, partic-

ularly for the shorter spans.

Fig. 3X. Heavy, city, through, rim-hearing swing spans. The 9-ft.

lane-weights of ten heavy, city, through, rim-bearing swing spans

are plotted by points on Fig. 3X. In calculating the lane-weights the

term " width," in Eq. (6) was taken as the sum of the widths of the

roadways and one sidewalk. Five of the bridges are in New York City,

over the Harlem River, and are of quite modern design and for heavy

loads.

The equation of the curve is

:

W = 0.6*S- + 1340*S (9)

The broken-line extensions of the curve are of little value for spans less

than 150 ft. long.

17. Approximate weight of machinery for swing spans.—The term

machinery is assumed to include parts that must be made in a machine
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shop, rather than in an ordinary structural shop. In center-bearing

bridges the machinery includes:

All cast parts, like the center pivot, complete; the rack and track on

the center pier; the center and end wedges, with their seats and pedes-

HiGHWAY, Through, Rim-bearing, Swing Spans.

200 300 400
Span in feet

Fig. 3W.

600

tals; the end latches and catches; the end-rail operating mechanisms

and rail locks; also all gears, shafts, bearings, and minor parts in the

trains of operating mechanism for turning the span and driving the
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wedges, beginning at the point of application of power. It does not

include the motive-power units. Miscellaneous small structural

machinery supports are usually included in the machinery, particularly

when they must be fitted to the mechanism in the shop.

Heavy, City, Through, Rim-bearing Swing Spans.

300
Span in feet

Fig. 3X.

400 600

In rim-ljcaring bridges, the same parts are included, so far as they

apply, and in addition all parts of the live ring and the radials and

bracing under the drum are included.
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The weight of this class of machinery varies widely with the skill

and experience of the engineer who devises the general arrangement

and designs the details. As a result, all data given must be considered

as approximate. They have been taken from average designs, and an

experienced engineer should be able to design satisfactory machinery

that will, on the average, weigh less than the amounts given.

Table 3K gives the weights of the machinery for various classes of

bridges, all expressed in percentages of the structural steelwork. It

must be noted that the weights shown on Figs. 3Q to 3X, and in Eq. (1)

to (9), both inclusive, are all total weights, including the machinery.

TABLE 3K

Machinery Weights Expressed in Percentages of Structural Steel

Weights

Type of Superstructure

Span Lengths, in Feet

100-200 200-300 300-400 400-500 500-600

Railway Bridges

Single-track, Center-bearing:

Deck plate girders

Through {ilate girders

Truss spans

Double-track, Center-bearing

Truss spans

Single-track, Rim-bearing:

Truss spans

Double-track, Riin-licaring:

Truss spans

Highway Bridges

Center-bearing:

Truss spans

Rim-bearing:

Truss spans

17

IS

17

IS

23

22

15t

22

1

15

15

22

20

14t

17t

13

12

19

IS

13t

17t

11

10

17

16

m
17t

20^

* Average of two spans with very heavy machinery,

t Ordinary highway spans.

t Heavy City bridges.



CHAPTER IV

BASCULE BRIDGES

1. General.—Many types of small bascule bridges were invented

and built for military purposes long before the invention of the loco-

motive. A few had also been built for carrying highways across canals

and small navigable streams, but the real development of the modern
bascule began after the practical steam locomotive was invented, in

1829.

In 1831, a single-leaf, highway, simple-lever bascule was built over

Bowcombe Creek, Kingsbridge, Devon, England. It was designed by
Mr. J. M. Rendell.i It was 15 ft. 9 in. wide and 32 ft. long. The leaf

turned on a " cast-iron shaft 7 ft. 6 in. from the inner end, working in the

abutment pier, which is built hollow to receive it, and thus the part

within the axle acts as a counterweight." The bridge was operated by
an hydraulic pump which moved a rack, driving a pinion on a drum
shaft on which a chain was wound, raising the end of the leaf.

In 1839, a small trunnion bascule was built at Selby, England, for

the North Eastern Railway, over the River Ouse.^ This was a double-

leaf, simple-trunnion bascule, built of cast iron. When closed it acted

as an arch for live loads. The shoreward ends carried the floor and
counterweights, which revolved downward into a tail pit when the bridge

was opened. The clear channel was 45 ft. when the leaves were in open

position. Hand-power was used for operation.

The Knippel Bridge was built at Copenhagen in 1867. It was
also of cast iron, and was a simple trunnion bascule, operated by
hydraulic machinery. Before 1878, Mr. James Price remodeled an old

retractile railway bridge into a bascule. It was across the River Shan-

non, at Drumsna. The approach girders carried the rails up to the

center of the trunnions. The bascule girders were outside of the fixed

approach girders. Each bascule girder had a separate trunnion turning

in pedestals supported by longitudinal girders.

1 A Paper by George Clarisse Dobson. Min. Proc. Inst. C. E., Vol. II, p. 68,

1843.

- A Paper on Movable Bridges by Mr. James Price, M. Inst. C. E. Min. Proc.

Inst. C. E., Vol. LVII, Part III, p. 1, 1878-79.

80
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In 1878, the Fijeonord trunnion bascule was built at Rotterdam, Hol-

land. The clear span was 75 ft. Each leaf had four trusses. The two

outer trusses acted as arches under live loads, and the inner ones were

extended to the rear of the trunnions and were counterweighted. This

bridge could be operated by hydraulic power, by gas, or by man-power.

A highway bascule was built at Koenigsberg in 1880. It acts as a canti-

lever under live loads, rear anchors taking the uplift at the abutments.

During the decade from 1890 to 1900, the development of bascule

bridges received much attention, and several of the modern types were

designed. Some are based upon the older types, modified and improved

to adapt them to modern traffic requirements, while others are new

inventions.

2. Bascule bridge over the Tiber, near Rome.—A very interesting

highway, double-leaf, simple-trunnion bascule bridge was built across the

River Tiber, near Rome, before 1893. It was designed by Sig. Angelo

Vescovali, Chief Engineer, Hydraulic Service of Rome.'^ The clear open-

ing between the piers is 41 ft. 7 in., and the width of the roadway is 19

ft. 6 in. There are two sidewalks, 5 ft. 5j in. wide. Fig. 4A is a longi-

tudinal and Fig. 4B a transverse section at one of the two main piers.

Each bascule leaf has five longitudinal girders, carrying the floor and

counterweights. The trunnions extend through these girders and turn

in ten pedestal bearings, supported by a transverse box girder, also

passing through the five girders, and supported by the extended ends of

the two fixed, longitudinal, approach girders which are outside of the

bascule leaf. The bascule girders have curved openings arranged to

give clearance for the transverse box girder when the leaf is opened.

The.break in the floor is slightly to the rear of the trunnions. The leaves

are operated by hydraulic cylinders, within the piers, by means of flat

steel wire ropes passing over deflecting sheaves on the piers and a quad-

rant on the ends of the two outer bascule girders. The leaves are nearl}^

balanced, and close by gravity, but are under control by the hydraiflic

mechanism. There are two fixed spans of 114 ft. 8 in. each on each side

of the draw span, the whole bridge being 563 ft. long.

3. The Tower Bridge, London.—The bridge over the River Thames,

near the Tower of London, is among the earliest of modern, heavy

bascule bridges.^ Many of the principles involved in its design have

2 Industries, London, Vol. 14, p. 316, 1893.

* "The Foundations of the River-Piers of the Tower Bridge," by George Edward
Wilson Cruttwell, M. Inst. C. E. Min. Proc. Inst. C. E., London. Vol. CXIII,

Part III, p. 117, 1892-93.

"The Tower Bridge: Superstructure," by G. E. W. Cruttwell, M. Inst. C. E.,

Min. Proc. Inst. C. E., Vol. CXXVII, Part I, p. 35, 1895-97.

"The Machinery of the Tower Bridge," by Samuel George Homfray, M. Inst.

C. E. Min. Proc. Inst. C. E., London, Vol. CXXVII, Part 1, p. 54, 1896-97.
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Fig. 4A.

Industries.
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Industries.

Fig. 4B.
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been followed in later struc-

tures. The bridge consists of

a double-leaf, simple-trunnion

bascule span, which provides

a clear waterway of 200 ft.

The central bascule span is

flanked at each end by a sus-

pension span with 270 ft. clear

waterway. The total length

of the superstructure is 940 ft.

out to out of the abutments.

The north, or Middlesex, ap-

proach is 1260 ft. long, and

the south or Surrey, approach

is 780 ft., a total of 2980 ft.

The width between parapets

is 60 ft., except for the bascule

span which is 49 ft. in clear

width. The roadway on the

bascule is 32 ft. wide, for four

lines of vehicles. The two

sidewalks are each 8.5 ft. wide.

Fig. 4C is a general elevation

of the bridge, taken from a

drawing. Fig. 4D is a half

sectional elevation of one of

the bascule leaves.

Towers.—The main piers

are surmounted })y towers 1 19

ft. 6 in. high. They carry the

loads from the suspension

chains of the 270-ft. spans,

the weight of the two high-

level footwalks spanning the

channel, and a part of the

weight of the masonry screens

around them. The screens

were designed to give a monu-

mental appearance to the

bridge. Each tower contains

two hydraulic lifts for pas-

sengers, and two flights of
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stairs to give access to the high-level footwalks. The footwalk

trusses carry the weights of two tension members, each consisting of

8 plates, 24 in by 1 in., riveted together and connected to the suspension

links of the side spans. The reactions from the suspension system are

delivered to the towers by 4 nests of segmental expansion rockers.

The rockers are 20 in. in diameter and each nest consists of 8 segments,

3 ft. long, in 2 groups of 4 each, placed end to end. They are secured

in proper position by means of teeth on their ends which engage the

upper and lower bearing plates. The load on each rocker nest is

2,404,000 lbs. and the rocker-bearing pressure is expressed by P = 428

X D X L. In this formula D is the diameter and L the length of the

rockers, both in inches. The live load was taken without impact.

Where the tower posts are surrounded by masonry, the steel is

wrapped with oiled canvas, so as to permit free expansion. Layers of

canvas and red lead were placed under the large tower column bases on

the masonry, to secure a uniform distribution of the great loads. The

column bases are of octagonal shape and the load at each column is

2867 tons.

Bascule span.—Each bascule leaf consists of four lattice girders

extending 100 ft. beyond the face of the piers. The rear ends are of

plate construction and their ends are 62 ft. 6 in. to the rear of the pier

faces. They are spaced 13 ft. 6 in. from center to center. The panel

length is 12 ft. and the floor is carried by floorbeams and stringers, with

f-in. buckled plates on them. Outside cantilever brackets carry the

parapets and sidewalks. The main trunnions are 13 ft. 3 in. to the

rear of the pier faces and the span is 225 ft. 6 in. from center to center of

trunnions. The rear ends of the bascule girders are floored over and

carry the counterweights, which weigh 410 tons, of 2000 lbs., per leaf.

Each consists of 84 tons of cast-iron blocks, the remainder being of

lead, on account of limited clearances. Each leaf weighs 1198 tons.

The trunnions are 21 in. in diameter and 48 ft. long, of forged steel.

They are keyed to cast-iron flanges bolted to the girders. The trun-

nions pass through the 4 main girders and turn in 8 pedestal bearings,

supported }>y longitudinal girders parallel with the bascule girders,

and spanning the tail pits. The pedestal girders also carry the floor

over the tail pits. Each trunnion pedestal contains a roller bearing

with 15 rollers, 4^ in. in diameter and 22§ in. long. The maximum
pressure per roller unit, when turning, is expressed l^y P = 727 X D X L,

in which D is the diameter and L the length of the rollers, both in inches.

When the leaves are closed their rear ends engage anchor girders

riveted })etween the fixed trunnion girders. Tail locks are driven

under the rear ends of the bascule girders, when closed. The free ends
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are provided with shear locks, 5 in. in diameter, at each of the 4 joints.

Pier-rest castings are built into the masonry about 9 ft. in front of the

trunnions, and wedge-shaped bearing blocks are driven to finn bearing

with the main girders, when the bridge is closed. A rack quadrant is

attached to the upper side of the rear end of the two outer bascule girders.

The pitch radius is 42 ft. and the circular pitch is 5.9 in. Two pinions

engage each rack.

A steam boiler and engine plant is installed in arches in the Surrey-

abutment. Two double-tandem, compound, surface-condensing engines,

of 360-h.p., drive hydraulic pumps. One engine can operate both

leaves and the auxiliary machinery, and one is held in reserve. The
pumps discharge into an accumulator in each pier. The plunger is

22 in. in diameter and its stroke is 18 ft. The pressure is 700 lb. per

square inch. Two hydraulic engines are installed in each end of each

main pier. The smaller of each pair is intended for ordinary operation,

and the larger for emergencies due to heavy winds. The large engines

have proved to be unnecessary and are used as reserves. Reduction

gearing connects the engines with the main pinion shafts. The front

and rear locks and the pier bearing blocks are all driven by hydraulic

cylinders, controlled from a central operating station in one of the piers.

The pavement is unusual. The buckle plates are filled with con-

crete. A transverse layer of creosoted pine plank rests on the concrete

and supports a longitudinal layer of greenheart planking. Creosoted

pine blocks 4 by 9 by 4^ in. are laid diagonally on the greenheart planks,

to which they are seciu'ed by 5-in. galvanized coach screws, 2 ft. apart.

The blocks are doweled together on all vertical surfaces by oak pins

I in. in diameter. If in. long, with a middle collar J in. wide to space

the blocks. The joints are filled with asphalt.

This bridge was designed by Sir. John Vv'olfe Barry, M. Inst. C. E.,

Chief Engineer. Mr. G. E. W. Cruttwell, M. Inst. C. E., was the

Resident Engineer, and Sir William Arrol & Co., were the contractors

for the superstructure. The foundations were begun in March, 1886,

and the bridge was formally opened for traffic on June 30, 1894. The
costs were:

Iron and steel superstructure $1,685,500

Operating machinery 426,100

Piers and abutments 653,700

Masonry superstructure 745,600

Paving and lighting 151,600

Total for the bridge proper $3,662,500

Approaches 484,300

Total $4,146,800
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4. 135th Street Bridge, New York City.—A small, simple-lever bas-

cule bridge was built to carry 135th Street over the Mott Haven Canal,

in New York City, in 1902.5 xhe clear span is 26 ft., and the width 66

ft. over all. The bridge carries a roadway 42 ft. wide and two side-

walks of 11.5 ft. each. The general arrangement is quite similar to that

of the Tower Bridge, except for the method of operation. There are 7

symmetrically arranged bascule girders, with a floor system of trans-

verse I-beams, supporting a double plank floor. The four outer girders

end at the trunnion, and the three interior girders extend rearward and

carry the counterweight. The trunnions are 7 in. in diameter and each

turns in 2 pedestals supported by longitudinal girders, which are curved

upward to carry the floor across the counterweight pit. Fig. 4E gives

a longitudinal sectional elevation of the bridge. The break in the floor

is 3.25 ft. to the rear of the trunnions. A quadrant rack is mounted on

the inner curved face of the abutment, and a pinion at the rear of the

bascule girders engages it. Clearance is allowed between the rack and

the masonry to permit dirt to fall out of the rack.

An electric operating motor is mounted on the main pier, connected

by a train of gears with the main driving shaft, which extends to the

main pinion, being supported by bearings on the girders. Provision

is also made for hand operation by a capstan on the fixed span, with a

diagonal driving shaft connected to the main gear train. The bascule

can be opened in 20 seconds by the 18-h.p. motor. The bridge was

designed for the heaviest road roller and city traffic. The weights

follow

:

Structural steelwork 66 . 5 tons

Machinery 29 . tons

Cast iron sectional counterweight 65 . 5 tons

The cost was S30,000.

The bridge was designed by Mr. George R. Ferguson, for the Depart-

ment of Bridges of the City of New York.

5. Anacostia Bridge, Washington, D.C.—The highway, double-

leaf, simple-trunnion bascule draw span of the bridge across Anacostia

Creek, in Washington, D.C, is arranged quite differently from those

already mentioned.^ Fig. 4F shows an elevation and plan of one-half

of the draw span. The clear waterway is 100 ft., and the bridge carries

a roadway 35 ft. wide and two 6.5-ft. sidewalks. The clear distance

between the main piers is 103 ft., and the trunnions are 7 ft. 8^ in. back

* "Types of Movable Bridges," by J. S. Langthorn, M. Bklyn. Engrs. Club. Proc.

Bklyn. Engrs. Club, 1904, p., 122.

6 Eng. News, 1905, II, p. 655.
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of the pier faces, making the span length 1 18 ft. 5 in. between trunnion

centers. There are two main girders 3.'5 ft. between centers. They

Con iroller-—'U

qhfBox

Main Oirder

Half Sectional Plan

Half Seciional Elevation

Fig. 4K.

Ew.i. News.

extend 21 ft. back of tlu; trunnions. Each girder has a trunnion attached

to flangfjd castings b(jlt(;d on each side of the girdcjr web. lOach trun-
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nion turns in 2 pedestal bearings. They are supported by parallel longi-

tudinal girders, 6.5 ft., center to center, which rest on short vertical

columns under the trunnions at one end and on the masonry at the other.

Steel counterweight l^oxes are framed around the rear ends of the

bascule girders, occupying the space between the ends of the bearing

girders. Transverse girders are framed across the rear ends of the

bearing girders. The rear ends of the bascule girders have heavy lugs,

and when the bridge is closed they engage spring buffers, with oak stops,

which are attached to the bottoms of the transverse girders. The main
girders thus act as cantilevers for live loads on the channel arms.

The bearing girders are extended in front of the trunnions, and a

transverse girder, 7 ft. 5 in. from the trunnions, is fitted with adjustable

wedge blocks, so that when the leaves are closed the trunnions are relieved

of a part of the live load. The free ends of the bascule girders are fitted

with shear locks, 4| in. in diameter. When the bridge is closed the locks

are driven transversely through holes in overlapping plates on the

ends of the girders. The floor over the counterweight pit is carried

by the 4 trunnion-bearing girders. The break in the floor is a few feet

in front of the trunnions.

The leaves are operated by electric motors, mounted on framing

between the fixed girders, and a train of reduction gearing connects

them with the two main operating pinions. These engage cast quadrant

racks, bolted to the bottoms of the bascule girders. The counter-

weights are composed of scrap iron and concrete, and weigh about 350

lbs. per cubic foot.

The bridge was designed by Mr. "W. J. Douglas, M. Am. Soc. C. E.,

under the direction of Col. John Biddle, Engineer Commissioner, Dis-

trict of Columbia, and was built in 1905 to 1907.

6. Pere Marquette railroad bridge.—In 1915, the Pere Marquette

Railroad built a small double-track, railway, single-leaf, simple-lever

bascule bridge, across the Paw Paw River, at Benton Harbor, Mich-

igan.'^ The bascule span consists of two parallel single-track deck

leaves which can be operated singly or together. Fig. 4G shows some
of the more important details. The main girders are 70 ft. 9 in. long,

the channel arm being 54 ft. and the counterweight arm 16 ft. 9 in. long.

The trunnions are steel castings, bolted to the main girder webs, which

are connected by short transverse, square, box girders. They turn in

bearings inserted in the webs of fixed girders, parallel with the bascule

girders, and supported by the masonry. The tail ends of the bascule

girders are connected bj^ cross frames and carry a counterweight block, of

concrete and steel punchings, which weighs about 300 lbs. per cubic foot.

^ Eng. News, 1915, I, p. 929.
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The track is carried over the counterweight pit by transverse

I-beams, supported by the fixed girders. When the bridge is closed the

tail ends clear these I-beams by a small distance. The break in the

floor is to the rear of the trunnions. The rails across the counterweight

span rest in channels, built of an 18-in, base plate and two 3-by-3-in,

guard angles. On the channel span they are supported by ordinary wood
cross ties, fitted with timber guard rails.

When the bridge is closed, the free end is locked down to cast pedes-

tals, by bolts moving transversely and engaging slots in the pedestals,

which are anchored to the masonry.

The bridge is operated by a 25-h.p. electric motor, connected by a

chain drive to two gear trains, each ending in a pinion which engages a

segmental quadrant rack, attached to the transverse, box, trunnion

girders, midway between the main bascule girders. Hand gear is pro-

vided also. The bridge can be opened as a single unit in about 30

seconds, by power. Hand operation requires 12 minutes for each of

the two leaves.

The bridge is proportioned for Cooper's E60 loading.

7. Chicago Type, single-lever, trunnion, bascule bridges.—In 1899,

many of the old swing bridges over the various branches of the Chicago

River, in Chicago, were found to be in bad condition, some of them
being beyond economical repair, and a few in dangerous condition. At

the same time a movement was proceeding with the object of gradually

abolishing the swing type in the city, on account of the obstruction to

navigation by the piers and draw protection fenders. In May, 1900, the

Commissioner of Public Works invited competitive designs and pro-

posals for the construction of a bascule bridge to replace an old swing

span that had failed by breaking apart at the center when the bridge

was open.

The engineers of the city prepared three designs, and outside bidders

submitted five others. A board of three engineers recommended the

adoption of one of the city designs, with a few suggested modifications.

This design was made under the direction of Mr. John Ericson, City

Engineer, and Mr. Edward Wilmann, City Bridge Engineer. With
later improved and simplified details, it has become well known as the

Chicago Type Bascule.

The design follows that of the Tower Bridge, in London, in a general

way, but with changes to adapt it to the local conditions at Chicago.

In most cases the bridges are half-through with riveted connections, but

deep enough at the trunnion er.ds to allow the use of substantial over-

head bracing. Fig. 4H shows one end of the Northwestern Avenue
Bridge, which is typical of several of the earlier bridges. Here, three
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trusses were used. The counterweighted ends are relatively deep,

ending in a quadrant-shaped member that carries the operating rack,

which is on the convex side of the chord. The counterweights are on

the bottom of the rear frames and below the floor. The counter-

stfooig BuiAojJg

weighted curved ends move in slots in the floor. Both of the roadways

and the sidewalks are supported by the fixed parts and the piers. The

break in the floor is in front of the trunnion. The trunnions are sup-

ported by fixed girders, resting on the masonry, and they are usually

in pairs, parallel with the bascule trusses.
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When the bridge is closed, the two leaves are connected at the center

by shear locks. The rear of the bascule engages anchorages, so that the

leaves act as cantilevers for live loads. The first panel point in front

of the trunnion rests on a pier pedestal, which relieves the trunnion and

increases the stiffness of the structure under live loads. Usually, the

rear end of the counterweight truss has a tail lock, which must be dis-

engaged to open the leaf. Most of the bridges have only about 16 ft.

of clearance above the water at the center of the span. When in open

position, the counterweights are below the water level and water-tight

pits are provided.

The Northwestern Avenue Bridge.^—Refer to Fig. 4H. This bridge

has a span of 205 ft. 7 in. between trunnion centers. The clear water-

way is 165 ft. 7 in., and the pier rests are 8 ft. in front of the trunnions.

The trunnions are I7-4- in. in diameter, each turning in 2 bearings 26|

in. long, supported by longitudinal girders resting on the masonry.

Each leaf weighs 1,370,000 lbs., which includes 700,000 lbs. of counter-

weight, composed of concrete with embedded pig iron. The pressure

between the trunnions and bearings is about 500 lbs. per square inch of

projected area, when in motion. The maximum pressure is, then, about

4
5D0 X - = 637 lbs. per square inch. The live load on the roadways

and walks increases these pressures to about 855 and 1087 lbs. per square

inch, respectively, when the pier rests are not in action. These are very

conservative values.

The operating rack has a pitch radius of 30 ft. If in., and consists

of 4|-in. round pins, 12 in. long, inserted in the structural work, 9 in.

from center to center. This forms an open rack, not likely to be dam-

aged l)y accumulations of dirt or ]:)y snow and ice. Each leaf is operated

by two 40-h.p. electric motors, which can hold the leaf against a 70 to 80-

mile wind, when fully open. The reduction gearing contains worm-

and-whcel units that serve to lock the bridge and prevent any undue

acceleration when it is being closed. Band brakes are provided also.

The superstructure was designed for 100 lbs. per square foot, extend-

ing over the roadways and sidewalks, while the floor system and details

provide for the heaviest road rollers and street cars, the latter weighing

22 tons when empty and 35 tons when fully loaded.

The bridge was completed in December, 1903.

West Chicago Avenue Bridge.—Figure 41 was taken from a general

drawing of the West Chicago Avenue bridge. It is typical of several

of the Chicago Type bascules. The span is 188 ft. 9 in. between trun-

nion centers, and the clear channel is 150 ft. The bridge has two
8 Eng. News, 190.5, I, p. 65.
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trusses instead of three, as in some of the eariier structures. The road-

way is 36 ft. wide, the two sidewalks are each 8.5 ft. wide, and the over

all width is 60 ft. The main features of rear anchorages, tail locks,

shear locks, and a front pier rest are all continued. The floor-breaks

are in front of the trunnions. Many minor features of the design that

are not shown on Fig. 4H are indicated on the plan. These are mainly

facilities like safety gates, for the roadway and sidewalks, tunnel shaft,

trolley wires and their supports, pile fenders, lights, and operator's

houses. As in most of the Chicago bridges, the adjoining property is
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improved by buildings, even closer to the channel than the ends of the

bascules and approach spans. It is evident that a swing bridge would

have been impossible in such a location.

This bridge was finished in 1914.

The West Lake Street Bridge.—The West Lake Street Bridge is a

simple-lever, trunnion, double-leaf, double-deck bascule.^ The clear

channel is 209.25 ft. The span is 245 ft. between trunnion centers

and 217 ft. between centers of front pier rests. The lower deck carries

a 38-ft. roadway and two 16-ft. sidewalks. The Chicago and Oak Park

Elevated Railroad has two tracks on the upper deck. This bridge

differs from those previously mentioned in that the trunnion pedestals

are supported by heavy transverse girders passing through the trusses,

and the rack is on the concave side of the rear framing. Both of these

features are the subjects of United States patents. The first was

granted to Mr. Joseph B. Strauss and the second to Mr. A. von Babo.

The floor-break in the lower deck is in front of the trunnion, and that

in the upper deck is behind it. The remaining features of the design

are much the same as for the earlier bridges. Fig. 4J shows the general

outlines and arrangement of the structure.

This bridge was finished March 4, 1916.

The Michigan Boulevard Bridge.^^—Figure 4K, from a photograph,

shows the general appearance of this bridge. The clear channel is

220 ft., and the span is 256 ft. between trunnion centers. The bridge

is a double-deck structure, the upper deck carrying two boulevard

roadways, each 27 ft. wide, and two sidewalks of 15 ft. each. The lower

deck has two 18-ft. roadways, for heavy trucldng, and two 6-ft. side-

walks. There are two outside and two inside trusses. One outer and

one inner truss, on each side of the center, are connected by the floor

systems and bracing. The two inner trusses are only 6 ft. between

centers. The structure is really two parallel two-truss bridges. Dia-

phragms connect the two inner trusses, so that in normal operation the

two parallel leaves are moved together. In case of emergency, how-

ever, they can be disconnected and operated as separate units. It is

estimated that 20 men can disconnect the parallel units in about 8

hours.

The trunnion pedestals are supported as described for the West

Lake Street Bridge. The rack is concave also. The Michigan Boule-

vard Bridge is the heaviest known bridge of this type. Each bascule

lead, of two units, weighs about 6,700,000 lbs. The load on the outside

trunnions is 1,800,000 lbs., and on the inside, 1,540,000 lbs. The outer

8 Eng. News, 1915, II, pp. 876, 934, 1267; 1916, 1, p. 756.

1° Eng. News-Rec, 1920, ll, p. 508.
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trunnions are 26 in. in diameter and the inner 24| in. They were

designed for bearing pressures of 1800 lbs. per square inch, and extreme

fiber stresses of 16,000 lbs. per square inch. Rear anchorages and tail

locks, as well as center shear locks, were used. Special, rear safety-

brakes were provided. These brakes are described in Volume II,

Chapter III, Art. 9.

The bridge was designed for 100 lbs. per square foot on the entire

upper deck. The load on the lower deck was taken as 2000 lbs. per

foot on each car track, assumed to occupy 10 ft. in width; with 100 lbs.

per square foot on the remainder. The floor systems of both decks,

except for the car tracks, were proportioned for trucks weighing 24,000

lbs. on two axles, 10-ft. centers. The street cars were assumed to be

50 ft. long and to weigh 100,000 lbs. Impact was added to the live-load

stresses according to the formula:

NL + 300'

in which *S is the live-load stress, L the loaded length, and N is yV o^ the

loaded width. Members having reversal of stress were proportioned

after adding one-half of the smaller to the stresses of opposite signs.

The maximum chord stresses just to the rear of the trunnions are

2,692,000 lbs. in the outer trusses. This gives some indication of the

magnitude of the structure.

The counterweighted arms extend 42 ft. to the rear of the trunnions.

The counterweights, for each leaf, consist of:

Concrete, weighing 145 lbs. per cubic foot 930 tons

Concrete and steel punchings, weighing 300 lbs. per cul^ic foot . 665 tons

Total per leaf 1,595 tons

Total for the bridge 3,090 tons

The bridge was designed in the Bridge Designing Section of the

Bureau of Engineering, Dcpt. of Public Works, of the City of Chicago.

Mr. Thomas G. Pihlfeldt was the Engineer of Bridges, and Mr. Hugh E.

Young was then in charge of Bridge Design.

The bridge was opened for traffic in May, 1920.

Three bridges in Seattle.—During the period from 1915 to 1919, the

city of Seattle built three double-leaf bascule bridges which were of

practically the same design as the later Chicago Type bascules. The

floor-breaks are in front of the trunnions. Rear anchors, rear locks,

shear locks, and pier rests are all embodied in the designs. The trun-

nion pedestals are supported on transverse girders through the trusses,
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and the racks are concave. They were proportioned for the following

loads

:

Each car track, a GO-ton car and a 50-ton trailer, each 47.5 ft. long.

The floors, 24-ton trucks, with wheel base 7 ft. wide and IG ft. long, with

15 tons on the rear axle. Alternate, 100 lbs. per square foot. Impact

on the stringers, GO per cent; on the floor-beams, 50 per cent; on

trusses,

1+ ^" ^
^ 20,000

The machinery was designed to operate the bridge against a wind

pressure of 10 lbs. and to hold it against 15 lbs. per square ft. Each leaf

has two electric motors of 100 h.p., for 550-volt direct current. Both

solenoid and hand brakes are provided.

These bridges were built across the Puget Sound and Lake Washing-

ton Canal, at Freemont and Eastlake Avenues and 15th Avenue, N. W.,

Further data as to dimensions and weights are given in Table 4A.

Statistics.—The principal dimensions, facilities afforded, and the

weights of the structural steelwork and operating machinery of fifteen

Chicago Type bascule bridges are given in detail in Table 4A. In this

series of bridges, the weight of the machinery is shown to vary from

9.2 to 17.9 per cent of the weight of the structural steelwork. For

well-designed machinery, the weight may be taken as 15 per cent of

that of the steelwork, for preliminary estimates.

It must be remembered that the machinery weights given do not

include the motors or power plants, but only the machine parts that

form a part of the bridge proper and the gear trains, beginning at the

point where the power from motors, or engines, is delivered to the gear

train.

8. Scherzer rolling-lift bridges.—This type is commonly known as a

bascule, but the term " rolling-lift " is more correct and descriptive.

Like several other types of bridges moving about a horizontal axis, it

was used long ago in small structures of simple design. See Chapter I,

Art. 4, Fig. IF, In 1893, the late William Scherzer was retained by the

Metropolitan West Side Elevated Railroad Company, of Chicago, to

design a four-track draw bridge across the Chicago River, near Van
Buren Street. He developed the first of the structures since known as

the Scherzer Rolling-lift Bridge. The bridge was patented, and has

been vigorously advocated and widely used in the United States and,

in several cases, in other countries. The type is attractive on account

of its simplicity and the small power required for operation.
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The leaf extending over the channel is continued shoreward, in the

form of a circular quadrant, which carries the counterweight; and, in

operation, the entire structure moves shoreward on the quadrant,

which rolls on a horizontal track, usually in the form of a heavy girder.

The track is provided with teeth meshing in openings in the bottom of

the quadrant girder, to insure certainty of operation and accuracy in

registration when closing. When opened, the bridge recedes from the

channel, the span is shortened, and the necessary angular movement is

reduced. Rolling friction is substituted for that of trunnions turning

in journal bearings, with consequent reduction in resistance to motion.

This is the only type of draw bridge, moving about a horizontal axis,

that approaches a swing bridge in the small power required for opera-

tion. When the leaf is open, it exposes a large vertical area to wind

pressure, as in a bascule, and power must be added to provide for open-

ing and holding it against wind pressure.

When the bridge is opening, the entire mass moves horizontally

along a path of the length,

2Trra

360'

in which ris the radius of the quadrant on which it rolls, and a is the angle

of opening of the leaf, in degrees. This results in a shifting of the max-

imum load on the foundations, which is undesirable in case of heavy

bridges and compressible foundations. On account of the concentra-

tion of large loads on the line contacts between the rolling quadrant and

the horizontal track, much care and skill must be exercised in the

design and construction of these parts. This matter will receive further

consideration in Appendix B. When the details are adequate and the

foundations good, this type is suitable for many locations.

The principal features of a single-leaf bridge are shown in Fig. 4L.

This is a double-track railway bridge on the Newburg and South Shore

Railway, across the Cuyahoga River, in Cleveland, Ohio. The span

is 160 ft. between end bearings and provides a clear channel of 120 ft.,

normal to its direction, which is at an angle of 60° 30' 30" with the

bridge. The superstructure was proportioned for Cooper's Specifica-

tions for Class E50 loads. The counterweights are of cast-iron blocks.

In later designs, concrete has been used in most cases.

The operating machinery has been placed on the movable span.

The main pinions are at the center of the quadrant, on which the

bridge rolls, and a straight rack, which engages the pinion, is attached

to a rigid frame on each side of the bridge, and outside of the outer

clearance of the trusses. The mechanism and rack thus become simple,
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and the action positive and certain. As it is difficult to fabricate and

erect the two rack frames exactly alike and truly opposite, an equalizer

should always be introduced in the gear train, preferably in the first

counter shaft from the motor.

This bridge was built in 1904.

Figure -IIM shows the general elevation of a small, double-track,

through plate girder bridge, on the Central Railroad of New Jersey,

across the Elizabeth River, at Elizabeth, N. J. The span is 73 ft.

between end bearings and the clear channel is 60 ft. The method of

operation is the same as for the larger bridge shown in Fig. 4L. The

counterweight is of concrete and extends across the entire width of the

structure.

This bridge was built in 1912.

Figure 4N represents a typical, small, double-leaf highway bridge.

Center shear locks and rear anchorages and locks are required, to enable

the leaves to act as cantilevers for live loads. The breaks in the floor

of such a deck structure must be well to the rear of the center of the

main pinions, on account of the recession of the leaf in opening. The
same movement makes a simple center lock feasible. This lock is a

tongue-and-groove device on the ends of the main girders of the leaves,

as shown in Fig. 40. No mechanical parts are needed, for the tongue

can be entered by controlling the relative positions of the closing

leaves, as indicated at (a). As the leaves advance, in closing, the

tongues are driven into positive locked position, as shown at (c). The
rear end of the counterweight frame engages overhanging anchorage

girders, carried by columns extending into the masonry to secure

ample resistance to the uplift caused by cantilever action of the channel

leaves. When live load is also carried by the extensions of the main

girders beyond the counterweights, it will also be found that tail locks

are needed to take the reactions from the loads on the girder extensions.

Statistics.—The principal dimensions, facilities afforded, and the

weights of the structural steelwork and operating machinery of several

Scherzer Rolling-lift bridges are given in Table 4B. It will be noted

that the percentage of machinery to structural parts is less than in

Table 4A, for the simple-lever trunnion type. This is due to the

simplicity of the designs and the small rolling friction developed. The
proportion varies widely for the different designs and is larger for those

with two leaves. The weight of the motors and power plant proper is

not included, but only the gear trains from the motors to the point of

application to the bridge, including the racks.

9. Rail bascule bridges.—This type was developed and patented

by Mr. Theodore Rail, and is controlled by the Strobel Steel Construe-
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Mon rV)., of C'h\c:iir(). Tlic l>;i,s('iilc Ic.-ii opens )>y a, ootiihiiKul rollinjr uiid
swinfriii^ iiiovctriciil, Mial, can hcsl, be explained hy reference! to I<jfr. 4P
wlii(;li i.s a, diai^rani of one end of a donhle-leaf, (electric railway hridj-c

()V(!r iUv. Illinois IJiver, at Peoria, Illinois." 'rii(> span is 112 ft. Ix^tween
centers of end supports. 'V\\v h::ii is carried at its (-enter of gravity

Both Leaves in Lockinq Position

(b)

Both Leaves Closed and Locked

(c)

Section A-

A

Fkj. 10.

I)y i\ siiaft A, iiaviiifr at each end a roller Ji, which rolls on a horizontal
tra(^k frirder C. The coiniter\V(M>;hted end of the main fi,irder is con-
nected to the pi(.r l)y th(> swinginf^-strut /'>'/'', which turns on pins.
Wiien the bridge is closed, pe<l(>slal (,\ on the main girder, soats on pin
/'', on the pier, and roller H is slightly lifted from i(s track (\ Opei-ating

^^ Eu(i. News, li)()7, II, |). AC*.
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/OperaHrrgr Strirf- J
Ffoller B

strut J is hinged to the main girder and has a bottom rack, engaging

pinion R, on the fixed span or the abutment. Rotation of the pinion

draws the rack rearward, first causing the roller to contact with its

track. The span then turns about the trunnion in the roller and the

anchor pin F, causing a combined rotary and retractile movement of

the leaf. Point F rotates in the arc of a circle about the center F, and

other parts of the span move in various curves.

As in case of a simple rolling-lift bridge, the span length may be a

minimum and the angular motion is less than for a simple trunnion

bascule. The weight of the entire leaf is carried by the rollers and

travels backward across girder C, when opening. This shifts the load

upon the piers and foundations in a manner similer to that of a simple

rolling-lift span. The weight must also be taken by line contacts

between the rollers and their

tracks, so that these parts

require the best of design,

material, and workmanship.

The friction of motion is

greater than that of a rolling-

lift, for the trunnions must

turn in the rollers under

maximum load and the

hinged links will also offer

some resistance.

One excellent feature of

the design is that the rollers

can be removed, for repairs or

replacement, when the bridge

is in its closed position, for they are then relieved of all load. Further,

the rollers are of such size that they can be cast solid, and take load

directly, while the rolling-lift quadrants are usually so large that they

must be built up from structural plates and shapes, with a joint between

the girders and the curved tracks attached to their circumference.

This bridge was finished in April, 1907

East Chicago Canal Bridges.—Figure 4Q shows the general design

of four double-track, railway, Rail bascule bridges over the East

Chicago Canal, near Indiana Harbor, Ind.^- Two of these were built

for the Lake Shore and Michigan Southern Railway, and one each

for the Pittsburgh, Fort Wayne and Chicago Railway and the Balti-

more and Ohio Railroad. The span length is 86 ft. between centers

of end bearings. When the bridge is closed, all five load is delivered

12 Eng. News, 1909, I, p. 295.

Eng. News.

Fig. 4P.
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directly to the piers. Ordinary pier pedestals are used at the free end

of the span. At the trunnion end a pedestal is attached to the bottom

chord, under the end panel point, which seats on pin E, in a pedestal

built and anchored into the masonry. The small deck bridge, in Fig. 4P,

had longitudinal operating racks. In the through design in Fig. 4Q,

the racks are articulated to the abutment masonry and extend in a

diagonally upward direction, in the plane of the trusses, to the top

of the counterweight frames, where the main pinions engage the racks.

The motor and reduction gearing are mounted on the rear end of the

counterweight frames. The main pinion is held in mesh with the rack

by a frame, with rollers which travel along the operating strut. When
the bridge is open, the strut is nearly vertical. When the span is

closed, the free end is secured by a thrust lock, interlocked with the

signals. Rail locks are provided at each end of the leaf.

Each bridge is operated by two 35-h.p., 220-volt, direct-current

electric motors. The actual power required to move the bridge, under

ordinary wind conditions, is about 25 h.p. Thus, one of the motors

may be held in reserve. The rail locks at each end of the bridge and

the end locks are operated by two ^-h.p., direct-current motors. Each

main motor has a solenoid brake and there is an hydraulic emergency

brake on the driving shaft, actuated by a hand pump in the operator's

house. The several motors are electrically interlocked with each

other and with the signals, so that all operations must be performed in

proper sequence.

These bridges were proportioned in accordance with the specifica-

tions of the Pennsylvania Lines, for a live load of about EGO engines,

followed by 5000 lbs. per Hnear foot of track. The weight of structural

material and machinery is about 326 tons for each bridge and the

total rolling load is 555 tons. The trunnions within the rollers were

proportioned for 1600 lbs. per square inch of bearing, and the rollers

for 400 X D X L, at the surface of contact with the track. The rollers

are 55 in. in diameter, with 25-in. faces, and are of cast iron, with rims

and hubs 3 in. thick and with 2-in. webs. Steel tires, 1| in. thick, were

shrunk around the cast-iron cores. Later practice has been to use

cast steel for the rollers, and in some cases special alloy steel has been

provided.

Broadway Bridge, Portland, Oregon}^—This is the largest Rail

bascule yet built. It is a double-leaf, city-street structure, 278 ft.

between end bearings and 70 ft. wide. There is one 46.5-ft. roadway

and two 9-ft. sidewalks. The clear distance between the tops of the

open leaves is 250 ft. The draw is the middle of three river spans,

" Eng. News, 1913, II, p. 704.
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each of the two flanking fixed spans being 297.213 ft. long. The roller-

track girders, their supports, the swinging-struts, and the machinery

are supported in the first long panel of the adjoining fixed spans. The
closed leaves act as cantilevers. The horizontal end bottom reaction

is taken by the bottom chord of the fixed span. The tension at the

top is delivered to the top chord by a long link, which is slotted and

moves on a pin at the upper hip panel point. The counterweight

frames are inside of the bascule trusses and the counterw^eights move
between the end posts of the anchor spans.

Each leaf has two operating struts, each placed 12 ft. from the

longitudinal center of the span. They are attached by pins to the

moving leaf and extend back over the end of the fixed span. Racks
on their bottom faces mesh with the main driving pinions. The operat-

ing struts are 91 ft. long and weigh 21 tons each. They are stiffened

])y top vertical diaphragm-girders, and are held in mesh by a frame

at the pinion, with guide rollers running on the flanges of the struts.

The slotted tension anchors are 52 ft. long with a travel of 35 ft. They
are anchored to the bascule leaves by 13-in. pins and move on lO^-in,

pins in extensions of the top chords of the anchor spans. Adjustment

is provided, so that when the leaves are closed the slots come to exact

bearing on the pins and all of the live load is taken. Hydraulic buffers,

within the anchor slots, assist in bringing the closing bridge to bearing

without shock. The swing-struts are articulated to the counterweight

frame at one end and to the track girder at the other. They are 23 ft.

long and swiag through an arc of 105°.

The rollers on which the leaves move are the most unusual features

in the bridge. Figure 4R shows one of them, with its track and the

adjacent steelwork. They are of nickel-chrome steel, 100 in. in diameter

with 40-in. faces. The track is of the same material and is 20 in. deep

to distribute properly the great concentrated load to the webs of the

the supporting box girders. The nickel-chrome steel was specified to

have an elastic limit of 52,000 lbs. per square inch, an ultimate tensile

strength of 102,000 l])s. per square inch, an elongation of not less than

15 per cent, and a reduction of area at the fracture of not less than

17 per cent.

The load on each roller is about 2,000,000 lbs. The load per linear

inch of roller is 50,000 lbs. Thus the load may be expressed by the

formula,

P = 500 X -D X L,

in which D is the diameter of the roller and L its length, both in inches.

The bridge was designed for a load of 2000 lbs. per linear foot on each
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' street-car track, and for 100 lbs. per square foot on the balance of the

roadways and the sidewalks, making a total load of 7G00 lbs. per linear

Fig. 4R.

foot of bridge. A special feature of this bridge is that the specifications

required the trusses of the bascule span to be in hne with the trusses

of the approach spans. This necessitated special recesses in the coun-
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terweight boxes and their supports to enable them to pass between

the trusses of the approach spans, and rendered the design of the brac-

ing rather difficult.

The bascule span was designed by the Strobel Steel Construction

Co., of Chicago, subject to the approval of Mr. Ralph Modjeski, of

Chicago, who was chief engineer in charge of the design and construction

of the entire bridge, for the city of Portland, Oregon.

The bridge was opened for traffic in April, 1913.

The estimated weight of the steelwork is given below.

APPROXIMATE ESTIMATED WEIGHT OF STEELWORK

One Bascule Span, 250 Ft. Clear Opening
Per Cent

Structural Steel Pounds Pounds of

Movable part: Steelwork

Floor system 590,000

Overhead bracing 160,000

Main trusses, river arms 700,000

Main trusses, tail arms 460,000

Cross girders over wheels 120,000

Counterweight boxes 160,000

Live load anchor struts ^

Structural part of operating struts i 190,000

Controlling struts '

J

2,380,000

Stationary part:

Track girders "i

Supporting columns \ 400,000

Bracing J

Stairs, machinery supports, floor, bolts, spikes,and other

miscellaneous parts 70,000

2,850,000

Mechanical parts:

Cast steel wheels 110,000

Cast steel tracks 106,000

Forged hollow trunnions 20,000

Forged solid trunnions 10,000

Bronze bushings 4,000

250,000 8.77

Operating machinery 150,000 5 . 26

Total steelwork 3,250,000 14.03

10. Strauss bascule bridges.—The first Strauss bascule bridge was

completed in 1905. It was patented by Mr. Joseph B. Strauss, and

this and his later patents are controlled and advocated by the Strauss
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Bascule Bridge Co., of Chicago. There have l)een more bascule bridges

built from the various Strauss designs than from those of any other

single type of bascule.

The first bridge was built for the Wheeling and Lake Erie Railroad

over the Cuyahoga River, in Cleveland. It is a single-track, single-

leaf, through, riveted structure. The bascule span is of the overhead

counterweight type and is 150 ft. long. The counterweight is carried

by a pair of struts articulated to rearward extensions of the main

trusses. The tower that supports the main trunnions, on which the

span revolves, is extended up to the top of the counterweight. A link

is pinned to the top of the tower and to the counterweight, and lies

in a plane parallel to the plane through the main trunnion and the pin

in the end of the main truss which supports the counterweight struts.

These four joints are at the corners of a parallelogram. When the leaf

opens, the counterweight is held parallel to its original position and a

balance is maintained as the bridge revolves. This parallelogram, in

some form, is used in practically all of the Strauss bascule designs.

This series comprises designs of three general types:

(1) The vertical overhead counterweight type.

(2) The underneath counterweight type.

(3) The heel trunnion type.

(1) Vertical overhead counterweight type.—Figure 48 is a diagram of

this type. The center of gravity of the moving leaf is at g and that

of the counterweight at g'. Trunnion A and joint B are in the same

plane as g, and hnk CD is parallel to gAB. ABDC is a parallelogram.

Hence, in any position, closed or in motion, Px = Wy, or Px' = Wy';

and a balance is maintained throughout the movement of the leaf.

In this type the dead load on the trunnion is P + W, and the reaction

is always positive and constant. The introduction of the parallelogram

permits the center of gravity of the counterweight to be at any con-

venient height above B, while in a simple trunnion bridge it must be at

B, in the plane of gA B. The break in the floor is in front of the trunnion.

Chamhly Canal bridge.—Figure 4T shows the Chambly Canal bridge

at St. Johns, Quebec. The clear channel is 70 ft. and the moving leaf

is 85.75 ft. between bearings. It is a typical small highway bridge of

this design. The roadway is 17 ft. wide and there are two sidewalks

4 ft. wide. The bridge was designed for a 12-ton road roller and 100

lbs. per square foot, and in accordance with the specifications of the

Dominion Government. It is operated by two electric motors of 7.5

h.p. each. A quadrant rack is attached to the heel of each truss, under

the roadway, and meshes with the main pinion, driven by the motor
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through a train of reduction gearing. When closed, the end of the leaf

is locked down. As the floor breaks in front of the trunnion, rear locks

EH:

Fig. 4.S.

are not needed. The live-load reaction at the trunnion pin is taken by

the main trunnion. The estimated quantities follow:

Trusses, floor system, and laterals 80,900 lbs.

Tower and machinery supports 28,200 lbs.

Counterweight frame, links, and anchor-

ages 10,700 lbs.

Total structural 119,800 lbs.

Trunnions, pins, and bearings 4,600 3.84 per cent of structural

Operating and locking machinery 12,200 10. 18

Total mechanism 16,800 lbs. 14.02 per cent of structural

Counterweight, concrete at 148 lbs. per cu. ft 80 cu. yds.

Reinforcing steel 3,000 lbs.

This bridge was completed in 1916.

(2) Underneath counterweight type.—Figure 4U is a diagram of this

type. The method of obtaining a balance is the same in principle as

that shown in Fig. 4S. The parallelogram is ABDC. The counter-

weight may be extended above the attachment B and cored out to

clear the floor framing, when a compact arrangement is necessary.

When two leaves are used, front shear locks and rear anchorages
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must be provided. The dead load on the trunnions is P + W, and is

constant, and the reaction is positive. The break in the floor is in

front of the trunnions.

Genesee River bridge.—Figure 4V shows the Genesee River bridge

at Charlotte, N. Y. It is a double-leaf deck structure, 180 ft. between

trunnions. It carries a roadway 25 ft. wide, with two car tracks, and
two sidewalks 6 ft. wide. It was designed for two 40-ton cars and one

15-ton truck, under Mr. J. E. Greiner's specifications. The operating

machinery is driven by four electric motors of 35 h.p. each, and the

shear lock by one motor of 5 h.p. The main pinions, at the end of the

gear train, mesh with quadrant racks on the bottom of the rear exten-

sions of the main trusses. The counterweights are pivoted to the rear

Couniervieicihi

Fig. 4U.

ends of the trusses, as indicated by Fig. 4V. The trunnion posts are

vertically beneath the trunnions and allow clearance for the moving

leaf between them. They are braced by effective outriggers, as shown

by the cut. The estimated quantities follow

:

Trusses, floor system, laterals, and miscel-

laneous 435,000 lbs.

Towers and machinery supports 100,000

Counterweight frame, links, and anchors. 26,200

Total structural 561,200 lbs.

Trunnions, pins, and liearings 17,000 3.03 per cent of structural

Operating and locking machinery 58,000 10.34

Total mechanism 75,000 lbs. 13 . 37 per cent of structural

Ladders and railings 3,000 lbs.

Counterweights, concrete at 148 lbs. per cu. ft 252 cu. yds.

When this bridge is closed it presents a very good architectural appear-

ance. In locations where the roadway can be high above the water

and there is adequate height so that the counterweights can swing
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clear when the bridge is open, this type will be found preferable to

Type I.

(3) Heel trunnion type.—Figure 4W is a diagram of this tj-pe. The
leaf trunnion is at A and the counterweight-truss trunnion at C. A
tension hnk joins B and D. ABDC is the parallelogram. The center

of gra\-ity of the countenveight is placed at g', in the plane Cg' parallel

to the plane Ag passing through the main trunnion A and the center of

gra\'ity of the mo\-ing leaf g. The weight of the counterweight and
span are made inversely proportionate to their lever arms, y and x,

and maintain this relation throughout the movement of the span,

thus preserving a balanced condition.

This design di\'ides the great weight of long spans and their coimter-

weights between two piers, while Types 1 and 2 concentrate it upon
one. The reaction at C is always positive, but the vertical component
of the dead-load reaction at A is negative in most cases. The leaf,

being balanced, has no reaction at Pier I. The vertical reaction at A
is the load P, acting as a shear at A, less the vertical component of a

Px
reaction at A, parallel to BD and equal to — . AMienever this ver-

z

tical component is greater than P, the reaction at A acts downward,
or is negative. There is also a reaction at A, acting toward the right,

equal to the horizontal component of the reaction parallel to BD.
As the proportions of most bridges of this tj-pe are such that the vertical

component of the dead-load reaction at J. is negative, and often of

considerable magnitude, the trunnion caps must be proportioned and
anchored for this force. "Whenever the hve-load positive reaction

at A exceeds the vertical dead-load negative reaction, the stresses at A
are reversed.

Analysis of the reactions on Piers II and III, of Fig. 4W, demon-
strates that both are always positive and constant for dead load, pro-

vided that the effect of the unbalanced condition due to the operating

struts is neglected. The reaction at Pier II is equal to the weight of

the mo^'ing leaf P, and that at Pier III is equal to the weight of the

counterweight and its frame TT'.

The leaf is moved by operating struts, articulated to the trusses at

B and extending to the tower, where their racks mesh with the main
operating pinions. These struts are long and hea\y. In closed position

their weight at B tends to hold the span down, but when the lead

approaches the open position their rear ends act as cantilevers, with
reactions at the pinion and at B. and tend to assist the counters-eight

and hold the bridge open. It is usual to balance the bridge for some
intermediate angle and to provide power to overcome the action of
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the struts. It will be noted that the trunnions at points A, B, D,

and particularly at C, are under heavy stress during the entire movement

of the span.

St. Charles Air Line bridge.—Figure 4X shows the general design of

the St. Charles Air Line bridge over the Chicago River, at 16th Street,

Chicago. This is the longest single-leaf bascule bridge that has been

built. It is a double-track structure, crossing the channel at an angle

of 63°, and affords a 200-ft. clear waterway. The span is 260 ft. between

centers of bearings. In addition to the great size and weight of the

bridge, a feature is the use of two " wing " counterweights, one on each

side of the bridge, which move outside of the planes of the trusses

and the railway clearance. Their leverage and efficiency is thus

increased, for, when in open position, they can swing considerably below

the elevation of the tracks. Each counterweight is about 37 by 60

ft. in size and over 5 ft. thick. They are of concrete, weighing 148 lbs.

per cubic foot, and the two weigh about 1770 tons.

The main trunnions are 25 in. in diameter and 27 in. long. Those

of the counterweight trusses are 46 in. in diameter and 44 in. long.

Phosphor-bronze bushings, free to turn in the cast-steel bearings, were

used around these unusually large trunnions. Double lubrication is

thus provided. There are lubricating grooves between the bushings

and the bearings, as well as on the inner surface, which carries the

trunnion sleeve. On account of the great size and weight of the bridge,

air buffers and oak bumping blocks were used in the operating struts.

The operating machinery and control apparatus is in an operator's

house on the counterweight tower, above the railway clearance line.

Power is applied by two 150-h.p. alternating-current, 3-phase, 60-

cycle, 440-volt electric motors. They drive the main pinions through

equalizer and reduction gear trains. A 55-h.p. gasoline engine emer-

gency drive was also provided. The bridge is fully opened or closed- in

1| minutes by the main motors.

In addition to the customary solenoid motor brakes, special pneu-

matic emergency brakes, acting directly on the operating struts, were

provided. The ends of the closed bridge are latched to the pier pedes-

tals by motor-operated latch bars, under the bottom chords. They move
longitudinally. The break in the floor is in front of the trunnions. The
end rails have square ends and are held in position by fixed yokes.

Further details of the design are given in Etig. News-Rec, 1919, II, p.

1056.

The bridge was proportioned for Cooper's Class E60 loading. The
substructure was begun in October, 1917, and the bridge was finished

in August, 1919.
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Thames River Bridge, New London, Conn.—Figure 4Y shows the

double-track bridge across the Thames River, on the New York, New
Haven, and Hartford Raih'oad, at New London, Conn. The bascule

span is a double-track, riveted structure. The draw span is between

two fixed spans. The main trunnions and draw rests are on 12-ft.
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The foundations at this site were deep and difficult, and a material

economy was effected by the use of a single pier to carry the ends of the

fixed and movable span.

The bascule span is 188 ft. between end bearings, and its piers 212 ft.

between centers. The clear channel is 150 ft. between fenders.

On account of limited space for the counterweight, the bottom

and rear portions were made of concrete loaded with steel punchings

to a weight of 318 lbs. per cubic foot. The remainder was of ordinary

concrete weighing about 150 lbs. per cubic foot. Pockets for adjust-

ment weights, also of concrete, were cored in the mass. The heavy

concrete was so heavily loaded with punchings that it had little strength.

On this account and to facilitate construction, the whole counterweight

was built in a steel box. The back and bottom had heavy girders to

carry the weight of the concrete. Most of the loaded concrete was

placed at the back of the box, to increase the lever arm of the mass.

The weight of the counterweight is:

Steel box and girders 183,000 lbs.

Heavy concrete 920,000

Ordinary concrete 1,921,000

Adjustment blocks 149,000

Total ~ 3,173,000 lbs.

The trunnion sizes are

:

Moving leaf heel trunnion lOj ins. diam., 25 ins. long

Second link trunnion 29 21

1

First link trunnion 18 34j

Counterweight trunnion 45 39j

They are all sleeve trunnions on pins except the first link trunnions, which are plain

pins.

The machinery is on the fixed span and is operated by four alternat-

ing-current motors of 82 h.p. The current is 3 phase, 60 cycles, 440

volts. The motors are wired and controlled so that any pair can be

used together, or all four when required. An auxiliary motor of 37 h.p.

can be substituted for the regular motors for emergency operation.

In case of failure of line current, current for the small motor can be

supplied by a 45-k.v.a. gasoline engine motor-generator set. Each

motor is furnished with a solenoid brake for regular use, and a pneu-

matic emergency brake is also fitted to each operating strut. The

rest girders on the fixed span carry a pneumatic buffer to assist in

gently seating the closing span. Thrust end locks were used. The
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break in the floor is in front of the trunnions. The rail ends are scarfed,

])y turning the webs aside, and seat in suitable shoes, about 2 ft. from

the floor-breaks.

The entire structure was designed for EGO loading, and the piers

were built large enough to provide for a duplicate structure alongside,

when needed. Silicon steel with a minimum yield point of 45,000

lbs. per square inch, was used for the trusses, floorbeams, stringers,

and the counterweight links, trusses, and box. The bracing, shoes,

operating struts, and rivets are of ordinary carbon steel.

The bridge was completed in 1919.

Statistics.—The principal dimensions, facilities afforded, and the

weights of the structural steelwork and machinery of a few railway

and highway Strauss bascule bridges are given in Table 4C. In most

cases the weights of the trunnions, pins, and bearings are included in the

machinery item, and properly so, for their unit cost is nearly as much
as that of the operating gear trains. The weight of the motors and

power plants proper are not included in the machinery.

The proportion of the weight of the machinery to that of the struc-

tural steelwork varies widely with the size of the bridge and the type

of the design, and the data given are only suitable for approximate

preliminary estimates.

11. Brown bascule bridges.—In 1896 a published reference was made
to a method of balancing a bascule leaf by means of a counterweight

moving vertically, which has since been developed into the present

Brown bascule type. This and subsequent designs were patented and

are controlled by Mr. Thomas Ellis Brown, Jr., of New York City.

Competitive designs for a proposed bridge across Newtown Creek,

at Vernon Avenue, Brooklyn, N. Y., were requested in the summer
of 1896, and on July 23 the plans of eight engineers were examined. ^^

The design submitted by the late Thomas Ellis Brown was adopted and

purchased. Various causes delayed the construction of the bridge,

and it was finally built in 1902 from the plans of the Scherzer Bascule

Bridge Co., as a rolling-lift, double-leaf structure. The original Brown
design was also a double-leaf bridge and was 176 ft. 8 in. between centers

of end trunnions. Cast-iron counterweights moved vertically in

towers on the shores. Steel-wire cables extended upward from the

counterweights and over 10-ft. sheaves on the tower-tops, thence

diagonally downward toward the middle of the moving leaf. Near the

trusses they connected to an eyebar linkage arranged so as gradually

to reduce the effective leverage of the counterweight ropes as the leaf

was opened. Bumpers on the span engaged the ropes in case of an over-

" Eng. News, 189G, II, p. 292.
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drive at the open position. The power was hydraulic and was designed

to control the movement against a wind pressure of 30 Ujs. per square

foot, and at velocities under control of the operator.

Ohio Street bridge, Buffalo, N. Y.—The first Brown bridge actually

built was that at Ohio Street, Buffalo, across the Buffalo River. ^^

In this bridge Mr. Brown substituted a cam girder, attached to the

trusses, for the articulated eyebar linkages of the earlier design. The
counterweight ropes are wrapped around the face of this girder and

anchored to the main trusses at the first lower chord panel point from

the trunnion. The face of the girder carries grooves for the ropes and

is curved so that as the leaf is opened and the ropes are unwrapped
from the cam girders, their effective lever amis are reduced and a

]:)alance of the moving leaf is obtained in all positions, the counter-

weight moving vertically.

Power was applied by hydraulic accumulators and rams. The
bridge is a single-leaf city-street structure, 166 ft. between end bearings,

and provides a clear channel of 140 ft. between fenders. It has one

30-ft. roadway and two 7.5-ft. sidewalks. It was completed in 1906.

Hamburg Turnpike bridge, Buffalo, N. Y. This bridge was built in

1913.^^ It is a single-leaf bascule span, 92 ft. between centers of end
bearings, and carries a city street across the Buffalo Ship Canal. Figure

4Z shows some of the principal features of the design. The method of

balancing is the same as that used at Ohio Street, but the operating

machinery is different.

The arms of a toggle joint connect the hip of the bascule girder

with an anchorage on the fixed tower. The operating arm connects

the middle joint of the toggle with a carriage, free to move longitudi-

nally on a track on the top of the side girder of the tower. The carriage

carries two sets of sheaves. Fixed sheaves are attached to the front

and rear of the tower in the plane of the bascule trusses. The bights

of two wire ropes are rove around the pairs of movable and fixed sheaves,

and their ends are passed over guide sheaves and attached to a drum,
5 ft. in diameter, on the longitudinal center line of the tower. This
drum is driven by two 30-h.p. electric motors, through two trains of

reduction gearing. The arrangement is symmetrical on the two sides

of the tower. AU sets of ropes are operated simultaneously by the

drum. "When the drum turns in one direction the foot of the operating

link moves away from the span, depressing the toggle and opening the

leaf. Reversing the drum closes the bridge. When one set of ropes is

wound on the drum, its complementary set is unwound. Thus the leaf

" Eng. News, 1908, 1, p. 51.
i« Eng. Record, August 1, 1914.
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is under full control at all angles and cannot be moved except by rotating

the drum. Adjustment is provided so that when the free end of the

leaf bears on the rest-

pier pedestals, the tog-

gle joint is straight.

This automatically
slows down the bridge,

and the span is seated

gently and firmly, even

when the motors run

at full speed. An over-

drive would slightly

open the bridge without

damage. No free-end

locks are required. The

movement of the bridge

is smooth, and the

whole mechanism oper-

ates satisfactorily.

Bridge at Mystic,

Connecticut. — Another

Brown bascule bridge

was completed during

1922.17 Figure 4AA
shows its general ele-

vation and plan; Fig.

4BB is a diagram illus-

trating the method of

balancing the bascule

leaf. The bascule span

is 84 ft. 8 in. between

centers of end bearings

and provides a clear

channel of 75 ft. be-

tween fenders. The

roadway is 33 ft. wide,

and the width of each

sidewalk is 5 ft. Ver-

tically moving counter-

weights connected to

1' Eng. News-Rec, 1923, II, p. 374. An article by Thomas Ellis Brown, Jr.,

M. Am. Soc. C. E., and William G. Grove, M. Am. Soc. C. E.



132 BASCULE BRIDGES [Chap. IV

the span by wire ropes were not used. The method of varying the

effective leverage by means of articulated links is a simplification of

that originally proposed in the 1896 design for the Newtown Creek

bridge.

The movable span is counterbalanced by two concrete weights

placed on the center lines of the main girders and carried by balance

beams in the form of trusses which rest on trunnions at the tops of

the tower bents. These trusses are about 60 ft. long over all, and
their forward ends are connected with the plate girders of the moving
span by hanger links or suspenders consisting of eyebars and short

links having double sets of pivots at the span end. Butt blocks or stops

are suitably placed on the upper flange of the movable-span girders to

make contact with the short links at the proper time during motion,

and thus change the point of rotation of the eyebar hangers from one

set of pivots to the other.

Centerofgravity
ofcounfertreighf

'-t-Openor 90°positiort »
• of span y V

n n
Eng. News-Rec.

Fig. 4BB.

Figure 4BB is a diagram showing the action of the pivots and butt

blocks as the span rotates through its 90° of motion. Between positions

1 and 2 of the span, or for about the first 38° of motion, the hangers

rotate about the primary pivots A. The butt blocks then make con-

tact with butt castings on the short links, preventing their further

rotation about pivot A, as shown in position 2. From this position

throughout the remainder of the opening, the eyebars rotate about the

pivots B, on the ends of the short links.

On account of the relative position of the centers of gravity of the

span and counterweight and the location of the link joints, while the

span moves through 90°, the angular movement of the counterweight

is only about 69°. Thus the counterweight may be behind the tower

post when the bridge is fully open and the main trusses, links, tower

frames, balance beams, and counterweights are all in the same vertical

plane. This is an obvious advantage, for it allows full transverse

bracing in the tower.
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The span is operated bj- a strut articulated to the main girders

above and in front of the trunnions and extending rearward, where it is

attached to a crank pin on a segmental bull wheel, the outline of which

may be seen in Fig. 4AA, just to the rear of the operator's house.

When the bridge is closed the truss pin, the crank pin, and the center

of the bull wheel are in a straight Hne, thus fonning a toggle joint.

A\'hen the span is fulh' open a similar condition obtains. End locks

are not required. Exact control of the motors when bringing the

bridge to rest is relativeh' imimportant, for the reasons given above in

connection with the Hamburg Turnpike bridge. When in open posi-

tion, the bull wheel and operating strut are at a point of maximum
leverage and there is no danger of the wind overturning the span against

the tower.

With onlj' two butt-Hnk joints, an exact balance is not attained,

but in the ]MA'stic bridge the maximum error was onl}- about one-half

of one per cent. The location of joint B was purposely selected so

that the unbalancing would be in the fully open position and would

tend to prevent opening the bridge too far. It thus serves as an auto-

matic buffer, which builds up rapidly during the last few degrees of

motion and without shock.

Power is applied bj^ two 36-h.p., 3-phase, GO-cj'cle, 220-volt alternat-

ing-current motors, placed on frames ynth worm gear units of the

ratio 20 : 1. Two gear reductions were used between the w^orm gear

units and the main pinions. The machinery is so compact that it was

placed under the sidewalks of the tower span.

The weight of structural steel in the bascule and tower spans is

about 493,000 lbs., with 81,500 lbs. of machinery', a total of 574,500 lbs.

The weight of the machinery is 16.5 per cent of that of the structural

steelwork. The concrete counterweights weigh 400 tons and the total

weight of all moving parts is about 650 tons.

New Brown type.—The Brown type has recently been modified and

improved by locating the articulated butt-links on the channel end of

the balance beams. ^^ Figure 4CC shows the general features of a

bridge of this design in closed and open positions. Better details

result from mo\dng the butt-links to the end of the balance beams,

and control of the balancing is equall}' simple. The bull-wheel toggle

action affords an effective and simple method of operating a small

bridge, like the jMj^stic, but for large and hea\y structures an operating

strut and rack would be chosen. The unbalancing of the leaf by canti-

lever action of these struts, near the open position, can be corrected by

1^ Jourrml of the Western Society of Engineers, 1924, Vol. XXIX, p. 195. An
article by Thomas Ellis Brov^, Jr.
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the proper selection of the points of articulation of the butt-links.

The article referred to aljove includes a discussion of the theory of the

method of balancing and a statement of the advantages claimed for the

type.

Fig. 4CC.

12. American Bridge type bascule bridge.—During 1920 there was

developed a new type of trunnion-balanced bascule bridge, in which

the counterweight moves in the opposite diro tion to the bascule leaf.
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This type has been patented by Mr. Hugo A. F. Abt, Assistant Engineer

with the American Bridge Co., at Chicago. The first bridge of this

type to be built was that of the Wabash Railway, across the River

Rouge, in Detroit, Mich.^^ Figure 4DD is from a general elevation

and shows the method of counterbalancing. Figure 4EE shows the

bridge closed, and Fig. 4FF shows it fully open. The bridge has two

railway tracks and was designed for Cooper's Class E50 loading and

in accordance with the Specifications of the American Railway Engineer-

ing Association, of 1910; and the machinery as required by their

Specifications for Movable Bridges, of 1922.

The channel span is 162 ft. between centers of end bearings, and

the counterweight span is 73.5 ft. long. From upper chord panel point 2

of the main truss a tension member extends diagonally upward and

rearward. A rocker link connects it to the heel of the truss at 1. The

counterweight is in a steel box with anns which are hinged to the top

of the tower. A compression link, pin-connected to the counter-

weight box, is articulated to a tension operating link which is hinged

to the rocker-link joint. A track in the tower, incHned about 30°

with a horizontal plane, bisects the angle between the compression

and tension links forming a scissors joint. This joint is pin-connected

to a truck adapted to roll down the inclined track. The trucks at the

two sides of the bridge are connected by a box girder, which carries

the machinery and operator's house. Power is applied by pinions

engaging racks on the inclined track girders. As the counterweight

and the operating-link joint rotate in arcs of circles, and power is applied

along the bisector of the scissors-joint angle, an almost exact balance

is attained in all positions of the moving leaf. The scissors-joint link,

trucks, and the ends of the counterweight are in the plane of the moving-

leaf trusses and move within the tower, which must be wide enough to

allow the necessary clearance.

The operating machinery is driven by two 100-h.p. electric motors,

through an equalizer and reduction gearing located on the machinery

girder. Auxiliary power is supplied by a 58-h.p. gasoline engine.

The operating machinery may be fully mounted on the transverse

girder and tested in the shop, and shipped and erected as a unit. The

bridge is fully opened or closed by one motor in 1| minutes. The horse-

power developed was from 74 to 98, with an average of 85. The maxi-

mum and minimum varied from the average by about 12 per cent of the

nominal horsepower of the motors. In ordinary operations, only one

motor is used. The auxiliary requires about 8 minutes for full opera-

" Eng. Neivs-Rec, 1922, I, p. 363.

Journal of the Western Society of Engineers, 1924, Vol. XXIX, p. 177.
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tion. Each motor is fitted with a full-torque solenoid brake, and a

pneumatic emergency brake grips special I-beams along the sides of

the track girders. Each emergency brake develops a braking effect of

88 tons. One of the solenoid brakes can be applied by hand, when
the auxiliary gasoline equipment is being used. All brakes are arranged

to set slowly and release quickly. A compressor, with a capacity of 25

cu. ft. of free air per minute, keeps the receiver pressure automatically

at 100 lbs. per square inch.

The free ends of the trusses are locked to the pedestals on the rest

pier when the bridge is closed. The lock is a square bar moving longi-

tudinally in guides under the center of the end bottom chords and
engaging rollers in the pedestals. It is operated by a small motor.

The bridge mechanism is electrically interlocked with the track con-

nections and signals, so that the bridge cannot be operated until the

signals have been set properly, and the several operations must be

performed in correct sequence.

When the bridge is open the counterweight trunnions carry their

maximum loads, made up of the weight of the counterweight and its

box and connections. When the bridge is closed these trunnions are only

lightly loaded. The design lends itself to easy construction in the open
position of the leaf. The counterweight box then hangs like a pendulum
and no forms are needed. The concrete can be gradually placed, as

required, as the erection of the leaf proceeds. A bridge of this type

can be completely erected in open position and the machiner}^ tested,

by actual operation for small angles, without in any way interfering

with the traffic over an old structiu'e.

The floor-break is in front of the trimnions.

The weight of structural steel is 1,783,000 lbs., and of the machinery,

301,000 lbs., a total of 2,084,000 lbs. The weight of the machinery is

16.9 per cent of that of the structural steel. The counterweight weighs

about 1000 tons. Provision is made for adjustment by the use of

separate concrete blocks weighing 2500 lbs each.

The bridge was put in service in January, 1922, and its operation is

smooth and satisfactory.

Type with horizontal track.—In a modified form, the same principles

are applied and the track in the tower is made horizontal. Figure 4GG
illustrates this construction. In the particular case illustrated there is

a short span, adjacent to the bascule, which serves as the tower span.

The angle of the scissors joint is made small in this design and the

normal reaction on the traveling truck and its track girder is much
less than in the type with the track at a 30° slope. The vertical reaction

of the operating strut is taken by a separate truck, thus distributing
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the loads on the track girder. The horizontal track girder improves

the appearance and operation of the bridge. The rack is on the bottom

of a horizontal tension link, and the machinery is in fixed position on the

tower and can readily be located and housed under the link. The

Fig. 4FF.

operator's house may be at any convenient point, as at the extended

end of the pier. The motors would then be operated by remote-control

panels.

When the conditions at the site render it economical, the counter-

weight tower may be mounted on an adjacent fixed span of any desired
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f^

length, or the track girders

may be extended on top of

the span, as shown in Fig.

4GG.
This design affords the

same simphcity of erection

that is a feature of the earher

design. On account of the

geometric proportions of the

Hnkage, the reaction at the

main trunnion is positive in all

positions of the moving leaf.

Type with vertical track.—
Figure 4HH is a sketch illus-

trating an application of the

same principles in such a way
as to provide for vertical

movement of the joint

l)etween the operating and

counterweight links. The
truss trunnions are at P and

those of the counterweight at

26. The counterweight 24

rotates in a direction opposite

to that of the bascule leaf A

.

The roller 34 at the scissors

joint bears against a vertical

track 36, and is always held

in contact by the horizontal

components of the stresses

in the counterweight link 22

and the operating link 20.

In the design shown, the

two bascule leaves A and B
close on the pin 18 and act

as an arch under live loads,

the end reaction being at the

main trunnions P. A rack

28 is attached to the counter-

weight, which is in mesh with

the pinions 30. Any desired

type of motive power may
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be applied to these pinions through the medium of trains of reduction

gearing. This general arrangement allows the operating machinery

and the vertically moving joint and roller to be placed below the bridge

floor when this arrangement is preferable to the overhead construction

of the two preceding types. It is well adapted for use in highway and

city-street bridges, and good architectural treatment is feasible.

Properly designed roller bearings are desirable for the main trunnions.

The movement is only 90° at the most, and good lubrication of plain

trunnion bearings under heavy pressure is uncertain. Roller bearings

may be packed full of grease, and any movement distributes it and

insures thorough lubrication.

13. Miscellaneous bascule types.—It is not feasible to describe all

of the designs that have been proposed for balanced bascule bridges.

Probably no phase of movable bridge construction has received as

much study as the design of such structures. Several types have been

designed but not built, and others are represented by only one, or a

very few, bridges. Within the limits of available space, it is only

possible to mention the types most frequently used. Some designs

have not been promoted vigorously by their inventors; others, for

various reasons, have not been received with favor.

An engineer proposing to use what appears to be a new type should

exercise much caution, for the many patents already granted limit the

possibihties of new invention in this field. In order to assist investi-

gators, a list of the United States patents issued is given in Table 4D.
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TABLE 4D

United States Patents Gkanted for Bascule Bridges

Name

Abt, H. A. F
Abt, H. A. F
Abt, H. A. F
Adams, M. B. and

Krause, F. L. . . .

Agnew, R. M
Anderson, H
Benni, F. J

Borg, F.J
Brayton, W. L
Breithaupt, W. II.,

Jirown, T. E
Brown, T. E
lirown, T. E
lirown, T. E
Brown, T. E., Jr...

Brown, T. E., Jr...

Brown, T. E., Jr...

Brown, T. E
Brown, T. E
Brown, T. E., Jr...

Brown, T. E., et al

Brown, T. E
Cowing, J. P
Cowing, J. P
Cowing, J. P
Cowing, J. P
Cummings, E. D.

.

Cunningham, A. O
Gardner, R. D. . . .

Hall, C. F
Hall, C. F
Harmon, W
Jennings, E. B. . . .

Joyce, J. A
Keller, C. L
Keller, C. L
Keller, C. L
Keller, C. L

Krase, H. C
Lament, R. P

Number

,394,519

,412,327

,412,328

173,253

983,194

,337,187

,048,440

828,873

032,985

587,926

590,787

,151,657

,203,695

,210,410

251,634

,254,772

,254,773

,270,925

,302,302

,408,259

,470,140

,519,189

633,811

644,405

665,405

672,848

689,856

510,043

224,629

694,744

708,348

383,880

554,390

780,193

685,767

685,768

752,563

047,950

1,042,238

503,377

Date

Oct. 25, 1921

April 11, 1922

April 11, 1922

Feb. 8, 1876

Jan. 31, 1911

Aug. 20, 1920

Dec. 24, 1912

Aug. 21, 1906

Sept. 12, 1899

Aug. 10, 1897

Sept. 28, 1897

Aug. 31, 1915

Nov. 7, 1916

Jan. 2, 1917

Jan. 1, 1918

Jan. 29, 1918

Jan. 29, 1918

July 2, 1918

April 29, 1919

Feb. 14, 1922

Oct. 9, 1923

Dec. 16, 1924

Sept. 26, 1899

I<>b. 27, 1900

Jan. 8, 1901

April 23, 1901

Doc. 31, 1901

Sept. 30, 1924

May 1, 1917

March 4, 1902

Sept. 2, 1902

June 5, 1888

Feb. 11, 1896

Jan. 17, 1905

Nov. 5, 1901

Nov. 5, 1901

Feb. 16, 1904

Dec. 24, 1912

Oct. 22, 1912

Aug. 15, 1893

Description

Bascule bridge

Bascule bridge

Bascule l^ridge

Bascule bridge

Locking device

Bridge

Bascule bridge

Bridge

Bridge

Draw bridge

Draw bridge

Bascule bridge

Bascule bridge

Bascule bridge

Bascule bridge

Bascule bridge

Bascule bridge

Draw bridge

Bascule bridge

Bascule bridge

Bascule bridge

Draw bridge

Bascule lift bridge

Bascule lift bridge

Bascule bridge

Revolving-lift bridge

Lift bridge

Bascule bridge

Counterbalance device

Bascule bridge

Bascule bridge

Bridge

Draw bridge

Bascule bridge

Bridge

Bridge

Bascule bridge

Means for operating bascule

bridge

Lock for bascule bridge

Counterbalance for bridges
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Name Number

Lament, R. P ' 503,378

Lament, R,. P
Leslie, B
La Pointe, F
Larsson, C. G. LI..

.

McKibben, C
Mercer, C. H., and

Woehle, C. II. . . .

Moody, G
Moreell, S

Newton, R. E
Nikonow, J. P
Osborn, F. C

Page, J.Yi

Page, J. W
Page, J. W
Rail, T
Rail, T
Rail, T
Roake, S. A
Scherzer, W. dcc'd. .

.

Scherzer, A. H., and

Kandeler, C. F. T..

Scherzer, A. H., and

Kandeler, C. F. T..

Scherzer, A. 11

Scherzer, A. II

Scherzer, A. II.

Scherzer, A. II.

Shcerzer, A. IL. .

,

Scherzer, A. II.. .

,

Scherzer, A. IL. .

.

Scherzer, A. II...

Scherzer, A. H. . .

Scherzer, A. II

—

Schinke, M. G....

Schinke, M. G....

Shaw, E. S

Shoemaker, L. H.

544,733

1,078,293

657,122

1,124,922

1,128,478

1,241,237

180,491

1,311,284

824,135

843,167

1,156,546

673,923

731,321

731,322

669,348

817,516

1,094,473

1,471,282

511,713

721,918

735,414

933,399

938,987

968,988

978,483

1,021,488

1,041,885

1,104,318

1,109,792

1,114,535

1,370,999

517,809

551,004

564,164

887,131

Date

Aug. 15, 1893

Aug. 20, 1895

Nov. 11, 1913

Sept. 4, 1900

Jan. 12, 1915

Feb. 16, 1915

Sept. 25, 1917

Aug. 1, 1876

July 29, 1919

June 26, 1906

Feb. 5, 1907

Nov. 2, 1915

May 14, 1901

June 16, 1903

June 16, 1903

Mar. 5, 1901

April 10, 1906

April 28, 1914

Oct. 16, 1923

Dec. 26, 1893

Mar. 3, 1903

Aug. 4, 1903

July 5, 1910

Aug. 30, 1910

Aug. 30, 1910

Dec. 13, 1910

Mar. 23, 1912

Oct. 22, 1912

July 21, 1914

Sept. 8, 1914

Oct. 20, 1914

Mar. 8, 1921

April 3, 1894

Dec. 10, 1895

July 14, 1896

May 12, 1908

Description

Driving mechanism for

Ijridges

Bridge

Draw bridge

Lift bridge

Lift bridge

Bascule bridge

Bascule bridge

Draw bridge

Bascule bridge

Bascule bridge

Bridge structure

Lifting mechanism for

bridges

Bascule bridge

Bascule bridge

Bascule bridge

Movable bridge

Movable bridge

Bascule bridge

Bridge construction

Lift bridge

Bascule bridge

Bascule bridge

Bascule bridge

Locking means for bascule

bridge

Center lock for bascule

bridge

Rear-end lock for bascule

bridge

Bascule bridge

Bascvde bridge

Bascule bridge

Bascule bridge

Bascule bridge

Bascule bridge

Draw bridge

Draw bridge

Bascule bridge

Counterbalance for liftbridge
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Name

Smetters, S. T
Strauss, J. B
Strauss, J. B
Strauss, J. B
Strauss, J. B
Strauss, J. B
Strauss, J. B
Strauss, J. B
Strauss, J. B
Strauss, J. B
Strauss, J. B
Strauss, J. B
Strauss, J. B
Strauss, J. B
Strauss, J. B
Strauss, J. B
Swartz, S

Swartz, S

Thomson, G. 11

Vent, F. G
Vent, F. G
Vent, F. G
Von Babo, A. F. L.. . .

Waddell, J. A. L. and

Harrington, J. L.. . .

Waddell, M
Waddell, M
Waddell, M
Waddell, M
Waddell, M
Waddell, M
Waddell, M
Waddell, M
Waddell, M
Watson, W. J

Xuiiiljer

Wiedenmayer, G. A. and

Bergman, S

Wilkins, J. D.

Worden, B. L.

Worden, B. L.

719,153

668,232

738,954

894,239

974,538

995,813

1,124,356

1,150,643

1,150,975

1,157,449

1,157,450

1,170,703

1,171,553

1,211,639

1,211,640

1,241,052

138,278

172,204

493,074

648,447

652,201

683,627

1,001,800

952,485

598,167

598,168

621,466

637,050

680,827

661,113

693,467

890,947

908,713

789,398

442,847

691,035

534,704

536,313

Date

Jan. 27, 1903

Feb. 19, 1901

Sept. 15, 1903

July 28, 1908

Nov. 1, 1910

June 20, 1911

Jan. 12, 1915

Aug. 17, 1915

Aug. 24, 1915

Oct. 19, 1915

Oct. 19, 1915

Feb. 8, 1916

Feb. 15, 1916

Jan. 9, 1917

Jan. 9, 1917

Sept. 25, 1917

Feb. 25, 1873

Jan. 11, 1876

April 25, 1893

May 1, 1900

June 19, 1900

Oct. 1, 1901

Aug. 29, 1911

Mar. 22, 1910

Feb. 1, 1898

Feb. 1, 1898

Mar. 21, 1899

Nov. 14, 1899

Oct. 30, 1900

Nov. 6, 1900

Feb. 18, 1902

June 16, 1908

Jan. 5, 1909

May 9, 1905

Dec. 16, 1890

Jan. 14, 1902

Feb. 26, 1895

Mar. 26, 1895

Description

Rolling-lift bridge

Bridge

Bridge

Bascule bridge

Bridge

Bridge

Bascule bridge

Bascule bridge

Bridge

Bridge

Bridge

Douljle-deck bascide bridge

Bridge

Bascule bridge

Bridge

Bridge

Lifting bridge

Lifting bridge

Draw bridge

Bascule bridge

Rocking bascule bridge

Bridge

Trunnion bascule bridge

Bascule bridge

Draw bridge

Draw bridge

Bridge

Bridge

Bridge

Bascule bridge

Lifting bridge

Lifting bridge

Draw bridge

Bascule bridge

Draw bridge

Counterbalance for lift

bridges

Draw bridge

Draw bridge



CHAPTER V

VERTICAL-LIFT BRIDGES

1. Early types.—^^crtical-lift bridges were developed at a much
later period than the bascule, retractile, and swing types. There were

only a few small bridges of this type built during the nineteenth century.

These were mainly over canals and small navigable streams in cases

where it was only necessary to lift the spans a few feet to clear traffic in

the channels. The application of the general principles of the type to

large structures began in the decade from 1890 to 1900.

Surrey Canal Bridge.—One of the earlier English vertical-lift bridges

is shown in elevation and section in Fig. 5A, (a) and (6).^ This bridge

was across the Surrey Canal, on the London, Brighton, and South Coast

Railway. It was designed by Mr. R. Jacomb Hood. The clear span

is 22 ft. 6 in., and the towers are 31 ft. 6 in. between centers. The
bridge carries a single-track railway in the middle of a 12-ft. roadway.

The vertical movement of the span is about 10 ft.

The lift span is of wrought-iron deck-plate girder construction,

and the towers are of cast iron. Plate girders join the opposite tower-

tops. Counterweights, at each end and on each side of the structure,

are connected to chains passing over sheaves on the towers, thence

down to attachments to the four corners of the lifting span. Longitudi-

nal shafts connect the two sheaves on the sides of the bridge. At

diagonally opposite corners, a large gear is keyed to these shafts and

meshes with small pinions driven by man-power by means of ropes laid

around large grooved sheaves on the pinion shafts, thence down to the

level of the bridge floor. Two men are required to operate the bridge.

The cast-iron towers are notched along one edge and engage pawls at

the four corners of the span. The lifting span is held securely at any

height. The pawls are disengaged when lowering the bridge.

There are other examples of similar early vertical-lift bridges in

England, and this design is quite typical of them.

Erie Canal bridges.—During the decade from 1870 to 1880, Mr.

Squire Whipple designed, patented, and built several vertical-lift

^ "Cast and Wrought Iron Bridges and Girders," by William Humber, London,

1857.
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bridges along the Erie Canal, in New York. Figure 5B is an outline

sketch of a bridge of this type.- This bridge was built in 1874.

Sheet Piling
5" thick Elevation

(a)

\r-5^Y-^l'^--'^'-'^"'\

Section

(b)

Fig. 5A.

2 Trans. Am. Soc. C. E., Vol. Ill, p. 190. The Utica Lift Draw-Bridge. A paper
by Squire Whipple, Hon. M. Am. Soc. C, E.
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Two parallel Whipple trusses spanned the canal and the towpath.

They were braced by lateral systems and rested on cast-iron posts on

the abutments. The roadway platform was an independent iron

structure, 60 ft. long and 18 ft. wide, and was suspended at each panel

point by rods passing upward from the ends of the floorbeams and
telescoping inside of the hollow vertical posts of the trusses overhead.

The vertical lift of the roadway was 11.5 ft. Wire ropes, f in. in diameter,

were attached to the upper ends of the suspender rods and passed

over sheaves, 3 ft. in diameter, near the upper chords of the trusses.

The other end of each rope carried an iron counterweight, weighing

about 1600 lbs., balancing the weight of the roadway deck.

The counterweight sheaves were keyed to longitudinal shafts, of

Bessemer steel, 2^ in. in diameter. The tops of the posts were slotted to

allow the sheaves to project inwardly to the center of the posts. " The
two line-shafts have each a bevel gear-wheel near the center and at

opposite points, into which work pinions mounted on the ends of a

transverse shaft that serves to connect the two and secure their uniform

rotation, as well as that of the sheaves mounted thereon." All journal

bearings were babbitted and their caps arranged to hold waste and oil,

to secure continuous lubi'ication.

The method of operating the bridge was characteristically ingenious.

It was thought that direct operation by man-power would be too slow.

The mechanism was therefore arranged so that two weights could be

wound up in advance of an opening of the bridge. One served for

opening and the other for closing the span. The weights were designed

to afford twice the power required to overcome friction. A large tread

wheel was installed in mid-span, between the trusses and above the traf-

fic clearance. The vertical shaft of this wheel carried a pinion engaging

a bevel gear on a transverse shaft at the top, and first one and then the

other operating weight could be wound up. The mechanism contained

pawls engaging ratchet wheels, similar to the arrangement of clock-

weights. About one minute was required to wind each weight, and
the time of opening or closing was about ten seconds.

It is interesting to note that this very successful type of lift bridge

was designed by Squire Whipple, who was the first American engineer

to analyze the stresses in ordinary bridge trusses under passing loads.

His able work did much to advance the art of iron-bridge building in

the United States.'^

French bridges.—Several successful vertical-lift bridges were built

^ "Practical Treatise on Bridge Building," by S. Whipple, C. E. D. Van Nos-
strand Co., New York, 1873. Revised and enlarged edition, 1899. His original

essays were published in 1847.
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in France during the nineteenth century. They were mainly canal

bridges, as was the case in England and the United States. Figures

5C and 5D show an elevation and section of bridges to carry the Rue de

Cremee across the Bassin de la Villette, in Paris, and on the Canal

St. Denis.'* These bridges were designed under the direction of M. L.

Le Chatelier, Ingenieur des Fonts et Chaussees.

The movable span is 65.5 ft. long and 26.25 ft. wide. The height

of the lift is 15.09 ft. The moving span weighs 93.6 tons. At each

ll

I

Echelle ofe 0?^005 p.l^

Elevation

Fig. .5C.

Chaussees.

corner of the bridge a chain is attached; this chain passes up and over

a sheave 8 ft. in diameter and carries a counterweight of cast-iron discs,

which moves in a cylindrical well in the abutment masonry. A trans-

verse shaft, extending across each end of the span, has spur gears on its

ends, which engage racks on the tower posts. Each shaft has a bevel-

gear meshing with its mate on a longitudinal shaft extending the whole

length of the span. Thus the four corners of the span are forced to

move together.

Power is applied by vertical hydraulic plungers in cylinders which

are installed in wells in the abutments. These plungers are connected

to the span on its longitudinal center line. An ingenious compound

valve, in the supply pipe at each end, regulates the flow of water so that

* Annales des Fonts et Chaussees, 6 Series, Tome XI, 1886.
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the movements of the span are always under full control. Both plungers

are used for ordinary movements, but the span may be operated by a

single ram at either end, whenever it is necessary to repair the other.

French engineers appear to favor hydraulic machinery for operating

such movable bridges. Its simplicity and perfect control of all move-

ments are valuable features. Similar mechanism to that of the bridges

described above was also used on the bridge at Larrey.^ The details

of the machinery of both of these bridges are worthy of careful study.

2. Halsted Street Lift Bridge.—The first of the large modern

vertical-lift bridges to be built was that carrjdng South Halsted Street,

mmjm
^ Coupes
^ en Trovers

Am. des Ponls el Chaussies.

Fig. 5D.

in Chicago, across the Chicago River.^ In 1892 an old swing bridge

was knocked down by a colliding vessel. The center pier formed a

serious obstruction to navigation, and the engineers of the War depart-

ment declined to approve a project for rebuilding the bridge as a swing

span. It was finally decided to use a vertical-lift bridge in accordance

with plans made by Dr. J. A. L. Waddell, INI. Am. Soc. C. E., and con-

tracts were let during 1893.

A general elevation and end view is shown in Fig. 5E. The main

span is 130 ft. between centers of end bearings. The bridge carries

a roadway 34 ft. wide and two sidewalks of 7 ft. each. AVhen it is fully

^ Annates des Fonts et Chaussees, August, 1893. An article by M. Galliot.

6 Trans. Am. Soc. C. E., Vol. XXXIII, p. 1, 1895. A paper by J. A. L. Waddell,

M. Am. Soc. C. E.
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open, the clear headway for vessels is 155 ft. above mean low water.

At each side of the river is a steel tower 217 ft. high, with vertical front

and battered back legs. Screw adjustments are provided in the feet

of the rear tower legs, to take up any settlement of the piers. The
tower-tops are connected by light longitudinal trusses spanning the

channel. They serve to brace the towers, to support idlers for the

operating ropes, and to carry footwalks for the bridge tenders.

Eight wire ropes, 1| in. in diameter, are connected to the trusses

at each top corner of the Hft span. They pass upward and over eight

grooved sheaves, 12 ft. in diameter, on the tower-tops, thence to con-

nections with the four cast-iron counterweights, which move vertically

within the towers. The coimterweight ropes are in sixteen pairs.

Their ends are brought together at the span connection-pins and

clamped. The bights of the ropes pass around 15-in. sheaves in the

counterweight connections, to provide for movements due to unequal

stretch of the ropes. Each sheave carries four ropes. The span moves

between guides on the tower posts, and antifriction rollers are used at

the points of contact. The counterweights are guided by vertical angles.

The weight of the counterweight ropes is balanced by iron chains with

one end attached to the bottom of the span and the other to the

bottom of the counterweight. Four hydraulic buffers are attached to

the top of the towers and four to the span under its ends, to assist

in bringing the bridge gently to rest at its open and closed positions.

A steam-power plant is installed under one of the bridge approaches.

Two 70-h.p. reversing steam engines drive an 8-in. transverse shaft

through gear trains. On this shaft are fitted four 6-ft. spirally grooved

drums. The ends of one set of the |-in. wire operating ropes are

attached to the top corners of the span and the ends of another set to

the counterweights. The other ends are fastened to the drums so that

when they rotate in one direction the bridge-lifting ropes are wound

on the drums and the counterweight-operating ropes are paid out,

lifting the span. In lowering the bridge, the direction of drum-rotation

is reversed, the counterweights being lifted and the operating ropes of

the span being paid out. The ropes are in pairs, eight ropes for raising,

and eight for lowering the span. As all of the ropes pass over the

sheaves at the tops of the towers, and one-half of them across the

channel to the end of the span opposite the machinery, there are about

8000 ft. of operating ropes on the bridge. The maintenance of these

ropes and their sheaves and bearings is one of the disadvantages of this

method of operation. Later designs by the same engineer have sim-

plified the arrangement and reduced the length of the operating ropes.

The bridge was completed in 1894 and has given satisfactory service.
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3. Waddell type.—Dr. J. A. L. Wadclcll and the former firm of

Waddell & Harrington have simpHfied and improved the design of

vertical-lift bridges. Many of the features of their later designs are

covered by United States patents. The type of design now preferred

and advocated by Dr. Waddell is shown in sketch form in Fig. 5F,

The various parts are noted. This design differs, in some respects,

from those of other engineers, and a few features are characteristic.

The operating machinery and operator's house are at the middle

of the lift span, and move with it. The counterweights must be in-

creased to balance their weight, and this increased weight augments the

trunnion friction and adds to the power required for operation.

Ordinary gear trains connect the motors with a transverse shaft,

geared to drums in, or near, the planes of the main trusses. Each

drum is spirally grooved and has two operating ropes. These ropes

are anchored to the drums and extend to the end corners of the span,

over or under idler sheaves, and the ends of one set are anchored to

the top and those of the other set to the bottom of the vertical front

legs of the towers. Each rope is provided with an adjusting device

near its anchorage. Rotation of the drums in one direction winds the

up-haul ropes and pays out the down-haul ropes, lifting the span;

reversal of the direction of rotation of the drums pulls the span down.

This arrangement of operating ropes causes the span to move parallel

to its closed position throughout its movement.

The counterweights are usually of ordinary concrete. In rare

cases, concrete loaded with scrap iron or steel punchings may be needed

when the clearances are small.

Wire ropes connect the counterweights to the span, and pass over

large grooved sheaves on the towers. When the span and the counter-

weights are heavy, the design of these sheaves, their bearings, and their

supports is a real engineering problem. The size and number of

ropes require sheaves of large diameter and considerable length, and

in some cases it has not been feasible to cast such sheaves as single

pieces. Various designs of sheaves built up from structural steel with

cast rim seginents, and sometimes with cast hubs, have been used,

and they have not always been satisfactory. Special attention should

be directed to this detail, which is one of the most important in this type

of structure.

The counterweight ropes do not always stretch uniformly under

load and movement, and therefore equalizers should be used at one

end of the ropes. Triangular plates with top pin attachments for two

ropes, and with a single pin attachment at the bottom apex of the

triangle, have been quite generally used. While these pieces can
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rotate when the length of the two ro;«es differs, they do not eqiiahze

the loads on the ropes, for any rotation about the lower pin increases the

lever arm of the longer rope and diminishes that of the shorter.

The counterweight ropes should not all be carried by a single sheave

at each corner. When, for any reason, repairs or renewals of the

sheaves, trunnions, or bearings become necessary, it is a difficult and

expensive operation to make the changes and maintain the bridge in

service. Two, three, or more sheaves can be used at each corner, the

ropes passing over them in small groups. When properly designed,

any single sheave with its trunnions, bearings, and ropes may be removed

and repaired or replaced without stopping operation of the bridge. The
remaining parts would temporarily be over-stressed, but the unit stresses

used in proportioning most structures are so small that the over-stress

would not be serious. Another advantage secured by the use of mul-

tiple sheaves is the reduced diameter and length of the trunnion bear-

ings, with the resulting reduction of power required to turn them.

Typical small vertical-lift bridge.—Small vertical-lift bridges may be

of simple construction. This is illustrated by Fig. 5G, which shows

the general design of the Big Choctaw Bayou bridge on the line of

Morgan's Louisiana and Texas Railroad.'^ It is a single-track struc-

ture. The draw is an ordinary deck-plate girder span 50 ft. long.

The clear channel is 46 ft. The bottom of the girders is 4 ft. above

high water and the lift is 47 ft. At each end of the draw there is a

cross girder 18 ft. 9 in. long, carrying the drums for the operating cables.

These drums are in line with the tower posts. Each tower consists of

two columns 16 ft. 3 in. between centers, and 67 ft. 6 in. high. They are

of H section, made up of plates and angles with Z-bar guides added to the

outer flanges. Stability of the towers is secured by portal bracing with

lattice girders at the top. Two longitudinal lattice girders 8 ft. apart,

with laterals, connect the two towers.

The counterweights are of concrete weighing 145 lbs. per cubic foot,

built around steel frames. Loose concrete blocks provide for the exact

balancing of the draw span.

A double-grooved cast-steel sheave, of 54-in. pitch diameter, is

mounted on the top of each tower column. Two 1-in. wire ropes pass

over each sheave, one end being attached to the end girders of the

draw and the other to the counterweights. Adjustment and equahzers

are used at the counterweight ends of the ropes.

The bridge is operated by man-power. A capstan, at the middle

of the lift span, is attached to a vertical shaft, which drives a longi-

tudinal shaft by bevel gears. This shaft drives a transverse shaft at

^ Eng. News, 1912, II, p. 99.
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each end of the span by the same means. Four 18-in. spirally grooved

drums, each carrjdng two |-in. wire operating ropes, are keyed to the

ends of the shafts. Each rope has one end anchored to the drum, and

the other end of the lifting cable is attached to the top of the tower

cohmm. Similarly, one end of the lowering cable is attached to the

bottom of the column. AYhen the capstan is turned in one direction

the bridge is raised, and when in the other it is lowered. The bridge

can be opened or closed in ten minutes.

Drvm--^

'

Oi/Hine_ofJ.ift-_S0rn

Fig. 5G.
Eng.-Xeirs.

When it is closed, hook-shaped end locks automatically^ engage

lugs on the towers. These are unlocked by wire ropes connected to a

hand lever on the span.

This bridge was built in 1911.

Bridge over the Ohio River at Louisville, Ky.—Figure 5H shows a

typical Waddell vertical-lift bridge in closed position. This bridge

was built for the Pennsylvania Lines West of Pittsburgh, and crosses

the Louisville and Portland Canal, which is adjacent to the Ohio River
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at Louisville, Ky.^ It is a double-track structure, 260 ft. between

centers of end bearings. The railway crosses the canal at such an

elevation that a lift of 32.4 ft. is sufficient. The centers of the counter-

weight sheaves are 92 ft. a])ove the base of the rails on the bridge.

The lift span was proportioned in accordance with the specifications

of the Pennsylvania Lines West of Pittsburgh, for live loads based upon

GG,000-lb. loads on the driven axles of the locomotives. It weighs

about 3,000,000 lbs., complete as operated.

There are sixty-four counterweight ropes 2| in. in diameter, passing

over the four 15-ft. sheaves. These sheaves are built up of steel plates,

shapes, and castings, and weigh about 38 tons each. The rim segments

have |-in. spaces between their ends, and each segment is fully riveted

to the webs to provide for the entire load from the ropes. The web

and reinforcing plates of the hub bear directly on the trunnion shafts,

to which they are keyed by three keys anchored in position by set-

screws. The trunnion journals are 22| in. in diameter and 24 in. long.

The bearings are lined with hard phosphor-bronze. Oil grooves are

cut in these bushings, the lubricant being supplied from marine-type,

screw-feed, compression grease cups.

The power plant is in a house in the middle and on top of the lift

span. The motive power consists of two 150-h.p., 220-volt, 3-phase,

60-cycle alternating-current motors, running at 580 r.p.m. Each

motor is equipped with a solenoid brake. The arrangement of gearing,

shafts, and drums is about the same as shown on Fig. 5F.

There are 16 plow-steel operating ropes, each 1 in. in diameter, the

drums and sheaves over which they run being 36 ins. in diameter.

These ropes work in pairs, i.e., there are two down-haul ropes at each

corner of the span. The take-up devices for the ropes are eyebolts

threaded over the entire length, with anchorage attachments at top

and bottom of towers.

The rail locks are of sliding-tongue type, standard with the Pennsyl-

vania Lines. The four tongues at each end of the span are driven by a

5-h.p. motor. Limit switches are provided to cut off the current at

each end of the travel. The controllers for the rail-lock motors are

interlocked with the signal system so that the locks cannot be opened
until the signals are set against train movements over the bridge, and
so that clear signals for train operation cannot be given until the locks

are closed. The controllers are also interlocked with those for the

main operating motors so that current cannot be supplied to the latter

until the locks have been opened, and so that the locks cannot be closed

until the bridge has been seated.

The span is kept in correct position during motion by guide rollers,

which roll on vertical guides on the outsides of the tower columns.

^ Trans. Am. Soc. M. E., Vol. 40, p. 1035. Discussion of a paper by H. P. Van

Cleve, M. Am. Soc. M. E., by Dr. J. A. L. Waddell.
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There arc eight rollers for transverse guiding, one at each Lq point and
one at each Uq point. Longitudinal guiding is effected by two rollers

at each Lq point at the fixed end of the span. There is considerable

play in the guides so as to eliminate any possibility of binding. On
account of this play they do not center the span closely enough for the

rail locks, which have very little play. For this reason there is placed

a transverse centering casting, having very little play, at the middle of

each end floor beam.
The train thrust is cared for by two thrust castings, one at each Lo

point at the fixed end of the span.

In order to eliminate jar when the span seats, there are provided air

buffers near each end of each of the end floor beams. Adjustable needle

valves on the exhaust ports of the buffers enable the resistance of the

said buffers to be varied at will.

Bridge locks were not used, but the counterweights were made about
six tons lighter than the span, the excess weight of the latter overcoming
any tendency for it to rise.

As was stated previously, each motor is equipped with a solenoid

brake. In addition there are two other brakes, one operated by hand and
the other by motor. The lever of the hand brake is in the machinery
house on the span, and gives the operator graduated braking power, so

that he can stop the moving mass without jar. The controller of the

motor-operated brake, which has three degrees of braking power, is

located in the interlocking tower.

The time of raising or lowering the lift span is about 45 seconds.

Hand operation is provided for by two four-arm capstans.

Willaynette River double-deck bridge at Portland, Ore.—The most

unusual vertical-lift bridge is the double-track, double-deck structure

across the Willamette River, at Portland, Ore. It was built for the

Oregon-Washington Railway and Navigation Co., and was finished

during 1912. Figure 5 I shows the general arrangement.

The new bridge replaced a drum-bearing swing span, designed by

the late George S. Morison and built in 1888. This was the first steel

bridge across the Willamette River and was proportioned for the

heaviest loads of the time, but for several years previous to 1910 had

been much overloaded. The railway approaches were also inconvenient,

as it was possible to turn in only one direction at the east end. The old

bridge, like the new, was a double-deck structure, providing for a

double-track railway on the lower deck and for a highway on the upper.

The new bridge is located about 600 ft. above the old, at a site where

there is room for a direct turn in either direction at the east end; but

it was necessary to build the east fixed span with diverging trusses and

to use 16° curves to accomplish this result.

The river portion of the new bridge consists of two fixed spans,

each 287 ft. betvveen end bearings, and a central Hft span of 220 ft., all

Pratt trusses.
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The lower deck has a clearance of 26 ft. above low and 5 ft. above

high water. The upper deck is 52.5 ft. above this. The lower deck

can be lifted 46 ft. without moving the main lift span. Both the

lower and upper decks may then be lifted a further distance of 93 ft.

The total clearance is then 144 ft. above high and 165 ft. above low

water. This clears the highest-masted vessels that enter Portland.

As a rule, it is only necessary to lift both decks from four to six times

daily, most vessels passing under the upper deck when the lower deck

is lifted.

The lower deck was designed for double-track railway traffic in

accordance with Common Standard Specifications 1006 of the Railway

Co., and the upper for heavy city traffic. The upper deck of the lift

span provides a central roadway of 28 ft., for a double-track street rail-

way and heavy trucks; an 11-ft. roadway on each side for horse-drawn

vehicles; and a 6-ft. clear sidewalk on each side, outside of the roadways.

The vertical-lift span is the heaviest yet built. The estimated

weight, fully equipped, is 3,800,000 lbs. for the upper deck and 975,000

lbs. for the lower, a total of 4,775,000 lbs.

The vertical hangers of the lower deck telescope within the vertical

posts of the truss above, and each panel point is separately counter-

weighted. The counterweight ropes pass up within the truss posts,

over and under deflecting sheaves on the top chords, thence to the

tops of the towers, over a pair of sheaves and down to the separate

panel-point counterweights, of which there are four in each tower,

located behind the large main counterweights.

The upper deck span has end, top, transverse box girders, in which

the main counterweight ropes are anchored with adjustable attach-

ments. At each corner of the span there are sixteen Monitor steel

ropes, 2| in. in diameter. They pass upward nearly to the tops of the

towers and over grooved sheaves, of 14-ft. pitch diameter, thence

downward to equalizers which are connected to the steel counterweight

frames by pins. The equahzers are triangular, with the apex down-

ward, and fully equalize the stresses in the ropes only when the ropes are

all of exactly the same length.

The main counterweights are of ordinary concrete, built around

steel frames, and weigh about 1,900,000 lbs. each. They move between

angle guides attached inside of the towers.

The front columns of the towers are box sections with flanges

arranged to guide the moving span.

The operating machinery is in a house at the middle and on top

of the lift span. The operator's room is suspended under the middle of

this house, so that he can observe the main deck and the river traffic.
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..The machinery for operating the lower deck is driven by two 200-h.p.

motors placed on the downstream side of the house, and that for the

upper deck by two 200-h.p. motors on the upstream side. By means

of a common shaft, either set of motors can be made to operate either

deck. The general arrangement of the machinery that operates the

upper deck is similar to that of the typical design described earlier in

this article. A train, of three pairs of reduction gearing, connects

the motors to the main transverse drum shaft. The operating ropes

are 1| in. in diameter. They are in pairs and pass from the drums

to the ends of the span, under or over deflecting sheaves, and thence

to anchorages near the tops and bottoms of the towers. Rotating the

drums in one direction lifts the span, and rotating them in the other

direction lowers it.

The motors for operating the lower deck are connected by bevel

gears to 5|-in. longitudinal shafts extending to the ends of the span.

Bevel gears connect them to end transverse shafts having spur pinions

on their ends which mesh with gears on grooved drums. The panel-

point operating ropes pass under these drums, up the towers, over pairs

of top sheaves, and down to the respective counterweights. Their

other ends pass from under the driving drums over deflecting sheaves

at the various panel points and down inside of the truss posts to con-

nections with the lower deck hangers. Rotation in one direction lifts

the lower deck, and rotation in the opposite direction lowers it.

The mechanism was built to lock down automatically each vertical

hanger of the lower deck, thus providing against continuous-girder

deflections of the railway deck. On account of its complex character,

small parts, and close clearances within the vertical posts of the upper-

deck trusses, this mechanism has never operated satisfactorily and is

not used at the present time. The lower deck also has four end locks,

driven by motors on the piers, and controlled from the operator's room.

When closed, the upper deck is automatically locked down at each end

and is released by the operator by turning a wheel on a vertical

stem.

Electric current is supplied to the motors on the lift span by two
conductors, about 3 ft. apart, on one of the fixed spans and its tower,

on which run short trolley arms attached to the end of the lift span.

The erection of this bridge was difficult, as river traffic had to be

maintained at all times. The current in the river was too rapid for

erection ])y floating. The side spans were placed on ordinary wooden
falsework. The lift span was erected on wooden cantilever frames,

extending outward from the piers and supporting a wooden Howe truss

channel span 120 ft. long. A description of the erection methods is
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given in an article by Mr. W. P. Hardesty, in Engineering News, 1912,

II, p. 1100.

Piscataqua River highway bridge at Portsmouth, N. H.—The Piscat-

aqua River bridge, at Portsmouth, N. H., is among the most typical

vertical-lift highway structures. Figure 5J shows the bridge with the

draw lifted. As the water is deep, the foundations difficult, and the

navigation requirements severe, it proved economical to build the

bridge with three equal spans of 297 ft. 1 in. between centers of end

bearings, the central span being a vertical-lift draw.

The centers of the counterweight sheaves on the towers are 176.33

ft. above the elevation of the roadway. Their front legs are supported

by the piers, and the rear legs on the trusses of the fixed spans at the

second upper chord panel points. The span can be lifted 129 ft.,

affording an overhead clearance of 150 ft. for navigation. There is one

roadway 28 ft. wide, and the two sidewalks are each 6 ft. in clear width.

The bridge was designed for 20-ton trucks or 100 lbs. per square foot

on the floor, and the trusses for a system of uniform loads corresponding

to 94 lbs. per square foot on the roadway. The specifications were

those given by Dr. J. A. L. Waddell in " Bridge Engineering," Vol. II.

The fixed spans have sheet asphalt pavements on reinforced con-

crete slabs, but on the lift span the asphalt is laid directly on 3-in. planks,

supported by transverse wooden ties on the steel stringers.

The estimated weight of the lift span, as operated, is 1,710,000 lbs.

The counterweights are of ordinary concrete in steel boxes. Sixty-four

Monitor plow-steel ropes, If in. in diameter, connect the counter-

weights to the bridge, sixteen at each corner of the lift span. Each

counterweight sheave is a single steel casting, and they are 10.5 ft. in

pitch diameter. The main trunnion journals are 15| in. in diameter

and 19^ in. long, fitted with the usual hard phosphor-bronze bushings,

in which are cut suitable grooves for the lubricant.

The operating machinery is in a house at the middle of the span,

supported by girders between the posts of the trusses below the top

chords. The arrangement of the machinery and operating ropes is

practically the same as that shown by the typical plan. Fig. 5F, The

power plant consists of two motors of 100 h.p. each. The electric

supply is 3-phase, 60-cycle, 440-volt, alternating-current.

The water under the lift span is deep and the bed rock is covered by

only a thin overburden of earth and mud. The tidal current is rapid

and it was necessary to maintain navigation. On account of these

conditions, all three spans were erected on falsework near the bridge

site and then floated into position at slack high tide. This operation

was carried out without difficulty or delays.
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The approximate quantities are as follows:

[Chap. V

Classification

Structural

Steel,

Pounds

Machinery,

Pounds

Machinery

to

Structural,

Per Cent

One lift span

Two towers

Sheaves, trunnions, and bearings

.

Wire ropes and fittings

Equalizers

Operating machinery

1,125,000

775,000

100,000

60,000

20,000

60,000

5.26

3.16

1.05

3.16

Totals

Total machinery.

Grand total.

1,900,000

240,000

240,000 12.63

2,160,000

The bridge was opened for traffic on Saturday, August 18, 1923.

4. Strauss type.—Figure 5K diagrammatically represents the

Strauss type of vertical-lift bridge. In this system of construction the

use of wire ropes and sheaves is avoided, but twenty auxiliary pin

joints are introduced in addition to the four main trunnions. This

type is suitable only where the vertical lift for clearance required above

the water is relatively small. The lift span S is connected to a counter-

balancing mechanism, mounted on the two towers R. The method of

counterbalancing is described by the Strauss Bascule Bridge Co., as

follows

:

The countorlxalancing device at each end comprises a truss F
mounted on the main trunnion at the top of post R, one end being

pivotally connected to the hip of the main span S, through the agency
of the hanger //, and carries at its other extremity two independent
concrete counterweights. The larger counterweight, above, is pivot-

ally connected to F at the base, and at the top is pivotally connected to

the upper extremity of H by means of the member BD, termed the

counterweight link L. The pivotal points ABCD form a parallelogram

and the point T is located in the side AC of this parallelogram. The
secondary counterweight is rigidly connected to F and its only function

is to bring the center of gravity of the truss F into the fulcrum T, so

that F within itself is always in equilibrium about T.

Considering the bridge in a partially open position (shown at the
right of the diagram), the forces acting vertically to the left of the

fulcrum T, which must be counterbalanced, are:

Pi = weight of one-half of the main span *S, applied at E.

P2 = weight of the hanger H, applied at its center of gravity h;

P3 = weight of one-half of the counterweight link, applied at B.
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Consider the three

vertical forces Pi, P2,and
P3 replaced by a single

force P, equal in mag-
nitude and applied at

G, so located that the

moment of P about T
will equal the summa-
tion of the moments of

Pi, P2, and P3 about

T, and it then remains

to locate a vertical force

at a point on the side

CD of the parallelogram

ABCD, whose moment
about T will be oppo-
site and equal thereto.

To find the point on CD
where this counterbal-

ancing force should be
applied, draw a straight

line from point G through

T until it intersects the

line CD, which point is

marked g ; however, there

is a vertical force W2,
being one-half the weight

of L, applied at D, and
therefore a vertical force

Wi must be applied at

g^, so located on CD that

the resultant force W, of

TFi and Tf2 will fall at

point g, and of such mag-
nitude that the moment
of W about T will be
equal and opposite to the

moment of P about T.

The center of gravity of

the concrete counter-

weight is therefore lo-

cated at ^^ The similar

triangles TAG and TgO
remain similar during the

operation of the bridge

by virtue of the paral-

lelogram ABCD and,

therefore, the horizontal

moment arms x^ and y^

of the constant vertical

fe
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forces P and W will always l^car the same relation to each other and the
bridge is in perfect balance for any position.

The operating machinery is usually in dupHcate at each end of the

lift span. A motor drives a transverse shaft on which are mounted three

bevel gears. Two of these are bevel pinions driving short longitudinal

counter shafts. These carry spur pinions which drive a second set of

longitudinal shafts, on which are the main pinions, meshing with

vertical racks on the tower posts. The third bevel gear on the trans-

verse shaft connects with the hand-operating train, temiinating in an

ordinary capstan. To insure uniform motion at both ends of the span,

two of the counter shafts are connected by a longitudinal equalizer

shaft. On this is a motor-driven emergency brake. Each motor
should be supplied with a solenoid brake.

Bridge across the Louisville and Portland. Canal at Louisville, Ky.—
The direct-lift highway bridge, built for the United States Govern-

ment, across the Louisville and Portland Canal, at 18th Street, Louis-

ville, Ky., is a typical example of this system of construction. The
lift span is 210 ft. long and is flanked by approach spans of 85 and 75

ft., of nearly triangular shape in elevation. They serve also as towers

for the counterbalancing mechanism. The roadway is 16 ft. wide.

The vertical movement of the lift span is 40 ft., which gives 90 ft.

clearance above normal water stage.

This bridge was finished in 1915.

Rideau Canal bridge at Ottawa.—The Praetoria Avenue Bridge across

the Rideau Canal, at Ottawa, is an ingenious adaptation of the type.

The counterbalancing and operating mechanisms are below the bridge

floor. The counterweight trusses are placed at right angles to the

longitudinal center line of the bridge, thus utilizing the piers to support

and conceal the counterweights and mechanism. The lift span is

88 ft. long, and the entire length, including the approaches, is 200 ft.

The movement of the vertical lift is 20 ft.

This bridge was completed during 1918.

5. Strobel tj^e.—Figure 5L illustrates a method of balancing a

vertical-lift draw span without cables, as designed by the Strobel

Steel Construction Co., of Chicago. The principles are similar to

those of the Hall bascule design. Referring first to Fig. 5L (a), a

pair of counterweight trusses is mounted on each of the two towers.

Each counterweight A is proportioned to balance one-half of the weight

of the lift span, when in closed position. At the end opposite the coun-

terweight the truss is articulated to the top chord at a panel point of

the bridge truss at B. The trunnion C turns in a roller adapted to move
along a track on top of the tower. As the draw span is lifted, the trun-
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nion rolls back, permitting point B to move in a vertical line. Thus,

the counterweight A and the pin B
each move in an arc of a circle about

the movable trunnion C, and an exact

balance is maintained throughout the

vertical movement of the lift span.

When a new bridge is to be built,

Fig. (a) shows the preferred arrange-

ment. In some cases it becomes

necessary to make an existing fixed

span movable. Figure 5L (6) shows

an adaptation of the principle which

accomplishes this result. The coun-

terweight trusses turn about fixed

trunnions D. A roller encloses the

pin at G. An auxiliary member EG
is added to the upper chord of the

span, with a horizontal track on its

lower side along which the rollers G
may travel. This permits the point

G to rotate about Z) as a center, and

at the same time the span can move
vertically upward, and an exact

balance is maintained.

Illinois River Bridge at La Salle?

—The Chicago, Burlington, and

Quincy Railroad bridge over the

Illinois River at La Salle, 111., as

originally built, consisted of five

148-ft. pin-connected truss spans.

It is a single-track Pratt structure,

each truss having six equal panels.

The United States Government

required that a movable span be

provided with a clear headway of

at least 40 ft. above high water level,

when open. It was decided to make
one of the fixed spans movable in

the manner outhned in Fig. 5L (.&)

The maximum lift is 32 ft. Towers,

having front vertical columns, were built at the channel ends of the

'^ The Daily Railway Age Gazette, March 18, 1914.
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TABLE
Vertical Lift

Name or Location
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5A
Bridges

Weight of Structural
Steelwork, Pounds
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adjacent fixed spans. Roller track girders were added on top of panels

U1U2 of the lift span. The horizontal movement of the rollers is

about 4 ft.

For operating the lift span, racks are bolted to the vertical tower

posts, which are engaged by pinions on a shaft mounted to the ends of

the span. These pinions are driven from the center of the span by
means of shafts and gears connecting to the motive power. In this

case hand-power is used at the present time, with provision for installing

electric motors in the future should conditions of river traffic demand.
The bridge is locked when in the closed position to prevent vertical or

lateral movement.
The track girders are connected to the old span in such manner that

no dismantling of the bridge was required and traffic was maintained

at all times. The entire moving load in this structure is brought
directly through the towers to the piers, without any portion going to

the adjacent spans. This bridge requires no cables, sheaves, or chains.

The span can be lifted to its full height of 32 ft. by four men on the

slow-speed gears in about eight minutes.

This remodeling of the bridge was done late in 1913.

6. Statistics.—The principal dimensions, facilities afforded, and the

weights of the structural steelwork and machinery of a few railway

vertical-lift bridges are given in Table 5A. In some cases the complete

classification of the weights of the machinery was not available, but it is

hoped that the information given may be of some value for approximate

estimates and investigations.

7. Miscellaneous vertical-lift types.—The types of vertical-lift

bridges developed are less numerous than the types of bascules. In

the limited space available, only a few of those most frequently used,

or most urgently advocated, have been mentioned. As in the case of

bascules, the field for original design and invention is limited by the

patents already granted. In order to assist those wishing to develop

new types, a list of the United States patents granted is given in Table

5B.
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TABLE 5B

United States Patents Granted for Vertical Lift Bridges

Name

Alden, J. F
Harrington, J. L
Harrington, J. L
Harrington, J. L.,

Howard, E. E., and

Ash, L. R

Harrington, J. L
Hedrick, I. G., and

Cochrane, V. H
Joosting, P
Paine, C. E
Post, A. J

Rail, T
Rutherbcrg, A
Shoemaker, L. H

Soulerin, L
Strauss, J. B
Strauss, J. B
Strauss, J. B
Strauss, J. B
Waddell, J. A. L
Waddell, J. A. L. and

Harrington, J. L
Waddell, J. A. L. and

Harrington, J. L
Waddell, J. A. L. and

Harrington, J. L
Waddell, J. A. L., and

Harrington, J. L
Whipple, S

Whitmore, E. B

Number

431,101

1,027,477

1,027,478

1,261,124

1,285,696

1,087,233

1,422,717

1,093,202

162,576

1,140,316

635,394

1,210,715

153,729

1,038,226

1,111,872

1,170,702

1,269,976

506,571

932,359

952,486

953,307

1,049,422

134,338

225,775

Date

July 1, 1890

May 28, 1912

May 28, 1912

April 2, 1918

Nov. 26, 1918

Feb. 17, 1914

July 11, 1922

April 14, 1914

April 27, 1875

May 18, 1915

Oct. 24, 1899

Jan. 2, 1917

Aug. 4, 1874

Sept. 10, 1910

Sept. 29, 1914

Feb. 8, 1916

June 18, 1918

Oct. 10, 1893

Aug. 24, 1909

Mar. 22, 1910

Mar. 29, 1910

Jan. 7, 1913

Dec. 24, 1872

Mar. 23, 1880

Description

Lift bridge

Lift bridge

Lift bridge

Guide for counterweight

ropes

Lift bridge

Counterweight

Lift bridge

Bridge

Lift bridge

Vertical-lift bridge

Lift bridge

Operating mechanism for lift

bridges

Lowering bridge

Bridge

Bridge

Bridge

Suspension lift bridge

Lift bridge

Lift bridge

Lift bridge

Lift bridge

Lift bridge

Lift draw bridge

Lifting bridge

.



CHAPTER VI

CONTINUOUS GIRDERS

1. General.—A continuous girder is a beam, or truss, that is sup-

ported at more than two points. Continuous girder bridges have been

built in greater numbers in Great Britain and Europe than in America.

The Britannia Bridge, across the Menai Straits, was designed by-

Robert Stephenson, and completed in 1850. It was the first large

wrought-iron girder bridge, and was of the tubular type. The double-

track railway was carried in two independent, parallel, single-track

tubes. The two end spans were 230 ft. and the two channel spans

460 ft. long in the clear of the masonry piers. Each tube was con-

tinuous throughout for a length of 1524 ft.

Many continuous bridges were built in France during the latter part

of the nineteenth century. They were usually lattice trusses with

parallel chords, and with from three to five spans.

The Fades Viaduct, over the Sioule River, finished in 1908, consists

of two end spans of 378 ft. and a central span of 472 ft. It is a single-

track, lattice, deck steel structure, with the rails 435 ft. above the

water, and is continuous throughout.

The first large, continuous steel bridge in America was the Lachine

bridge, over the St. Lawrence River. It was designed by the late C.

Shaler Smith, and built in 1888. It was a single-track, pin-connected

structure, with two deck side spans of 268 ft. and two through middle

spans of 408 ft.

The Sciotoville bridge, over the Ohio River, was finished in 1917.

It is of the through-riveted type, and consists of two double-track spans

of 775 ft., continuous across the middle pier.

The Bessemer and Lake Erie Railroad bridge, over the Allegheny

River, was finished in 1918. It is a double-track deck bridge with two

groups of continuous trusses, one with spans of 272, 520, and 347 ft.,

the other with spans of 347, 350, and 272 ft.

The Hudson Bay Railway bridge, over the Nelson River, is a single-

track, riveted, continuous structure, with spans of 300, 400, and 300 ft.

It was finished in 1918.

174
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The Cincinnati, New Orleans, and Texas Pacific Railway bridge,

over the Ohio River at Cincinnati, was finished in 1922. At the north

end, two spans of 300 ft. and one of 500 are double-track, continuous,

through trusses of combined riveted and pin-connected construction.

These examples are given to show that continuous bridges have been

widely used. They have proved safe and satisfactory in service, when

properly designed and built. An extended discussion of them would be

out of place here. It is necessary to include enough information to

lay a foundation for such equations as are required for the analysis of

the ordinary types of swing spans, which are usually continuous girders.

2. Stresses.—The reactions at the supports of continuous girders

cannot be found from the principles of simple statics alone. They

depend upon the design and materials of the structure itself, and its

elastic behavior under loads.

When a beam, or truss, is of the same cross-section throughout and

is built from one kind of material, the solution is simple. The values

of the moment of inertia of the girder and the modulus of elasticity of the

material are constant. When the girder section varies from point to

point along its length, a direct solution is too complicated and uncer-

tain to be feasible. The best procedure is then to assume that both

I and E are constant. A preliminary design is then made, the elastic

deflections calculated, and any necessary corrections made in the first

design.

The shears and bending moments in a continuous girder, of uniform

section and material and of any number of spans and loaded in any

manner, can be found by simple statics after the moments at each

support are known. These moments may be found by the application

of the Theorem of Three Moments.

3. The Theorem of Three Moments.—The first suggestion of what

is now known as the Theorem of Three Moments was. made in 1825,

by M. Navier, but in a complicated form, difficult of application.

In 1848 M. Clapeyron developed a much simplified form of the theorem

for use in his design for the reconstruction of the Pont d'Asineres, near

Paris, and in 1857 he announced it in Comptes Rendus, Vol. 45, pp. 1076

to 1080, in the form:

Wo + 2(/o + Zi)Qi + hQ2 = l{pol(? + Pi^i^),

in which lo and h are the lengths of any two consecutive spans which

are loaded with po and p\ units of weight per unit of length, respect-

ively, and Qq, Qi, and Q2 are the bending moments at the three supports,

proceeding from the left. / and E are assumed here to be constant.
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M. Clapeyron also gave the theorem for equal spans for the same loads

and conditions as:

Qo + 4Qi + (?2 = ~{po + ?>i).

Many investigators have since extended the formulae to include

concentrated and partial loads, and also the effects of the settlement of

supports below their original elevations and those due to differences in

the temperatures of the top and bottom chords.

General Theorem of Three Moments.—A general form of the Theorem

of Three Moments is given by Herr Heinrich F. B. Miiller-Breslau, in

his treatise Die neueren Methoden der Festigkeitslehre, Leipzig, 1886, and

^ 1 ^l^__ _^2 >!

in later editions. In this formula, Eq. (1), the quantities that are not

clearly shown by Fig. 6A are:

5 = the downward settlement oi pier 2 with reference to piers 1 and 3;

e = the coefficient of expansion of the material for changes in tempera-

ture;

At = the difference in temperature between the top and bottom flanges

or chords;

h = the effective depth of the beam or girder.

Mih + 2M2{li + ^2) + M3I2 + gdf_ .oil
4 "^ 4

+
l(S22 - Si2)(2/i2 - S2^ - Sl^)

,
P2(r2^ " H^^) (2^2^ - ^2=^ " H^)

4h
+

4/2

,

X>.(/.^
- g-)

^

^:p.(i^ - ^-)

h 12

+ 3eAi + ^2) - QEli^j^' = 0.

h tiio
(1)
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If the settlements of the supports 1, 2, and 3 are given separately with

reference to their original positions, as in Fig. 6B, the last term of (1)

may be written

C3

tl'2

C2 — Ci Co

/2
(2)

Application of Eq. (1).—The bending moments at the supports of

any number of continuous spans, for any given loads, temperature con-

dition, and final elevation of supports, may be calculated by applying

Eq. (1) successively to each group of two spans. As many equations

may be written as there are unknown moments at the supports. Thus,

for a girder continuous over four supports there are three unknown
moments. Equation (1) may be written for spans 1 and 2, 2 and 3,

and 3 and 4, thus giving three equations.

L-Z,—>1<— Z^-^
Fig. 6B.

In a series of continuous spans, 1 to S, inclusive, resting upon sup-

ports which are numbered from 1 to *S + 1, beginning at the left; it

should be noted that il/i and il/j+i are each zero, the first equation

beginning

2M2{h + h) + ^1/3^2,+ etc.

The last equation begins

M,^, + 2M,il-i + ?.) + + etc.

When applying Eq. (1) to any particular series of spans, omit all terms

Mih + 2M2{ll + ^2) + ^3^2,

which do not enter into the case under investigation. For example,

the last term, taking account of settlement of the supports, will seldom

be involved. The temperature condition will usually be investigated

separately.

When the stress calculations are to be made by the influence-hne

method, the effect of a single concentrated load of a unit at any par-

ticular point will usually be found first, then that of a unit load at the

next point. The various points for which influence lines are required

are thus considered in order.
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In cases where the extreme ends of the end spans are fixed, the

theorem may still be applied, by considering a fixed end as equivalent

to an additional span of zero length.

4. Common form of the equation of three moments.—The forces

acting on two adjacent spans of a series of continuous spans are desig-

nated as shown in Fig. 6D. Any concentrated load, as one in span 2,

is known as P2, and its distance from support 2 as kh, k being a fraction

less than unity. Using this nomenclature, the equation of three

moments for a continuous girder, loaded only by a series of concentrated

loads, will become

Mih + 2M2{h + ^2) + M3I2

= - ^Pih^ik - k^) - ^P2lr{2k - 3A;2 + k^). . (3)

When the load is uniform and equal to id per linear unit this reduces to

Mih + 2M2{lx + h) + M3I2 = - "^ - '^. . . (4)

Equation (3) is in a form undesirable for direct application, as the

process is long and tedious, and Eq. (1) will usually be preferred.

Equation (3), however, does reduce to some simple relations, convenient

for application to simple swing bridges, as will be shown later.

When it is desired to apply Eq. (3) to direct calculations, a table

giving the values of (k — F) and (2k — 3k- + F) is convenient.

Table 6A gives these values from k = 0.01 to k = 0.99. A table from

k = 0.001 to k = 0.999 may be found in " The Continuous Girder,"

by Malverd A. Howe, Engineering News Publishing Co., New York,

1889.

5. Shear and bending moment in any span.—Assume any span of a

continuous girder to be loaded by concentrated loads, as represented

h- -hi,

r—^'--
^

1

Ri R2

Fig. 6C.

in Fip^. 6C. Let the forces acting upon the span be as shown. Con-

sider one load. Pi, at a distance k\l\, from the left support, then:
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End shears.

SHEARS AND MOMENTS

s, = ^^^^' + P,(l - h).

TABLE 6A

179

(5)

(6)

-r
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Shear at Xi.

T, < k,L. S. = - S, 1 .... (7)

"When xi < A-i?i, Sx = — Si 1

When xi > A-i/i. 5. = - 5i + Pi
j

Bending moment at Xi.

When xi < /:i/i. -V, = .Vi + >SiXi 1

When xi > kih, M. = Mi + >SiJi - Pi(xi - kih) ]' ' ' ^
^

The last terms in (5) and (6) give the shears due to the load Pi at

the ends of a simple span of length h. For several concentrated loads

they become iPiil — ki) and iPiki, respectivelj'. For a uniform load

of u'l per unit of length they each become —^^

Similarly, the last terms of (7) and (8) become

- ZPi and - ZPi(xi - kJi).

For a uniform load of u'l per unit of length, (8) becomes

M. = Ml + Sixi - '-^ (9)

From these equations the shears and moments in any section of the

span can V>e calculated when the moments at the supports are known.

6. Reactions at the supports.—Let Fig. 6D represent anj- two con-

secutive spans of a continuous girder, loaded by concentrated loads;

and assume the various forces acting upon the two spans to be as

indicated in the figure.

P P->

R,

''
R^

^"

R^

Fig. 6D.

Consider a concentrated load, Pi, at a distance of fciZi from support

1, to be in span 1, and a load, P-2, at a distance of ^-2^2 from support 2,

to be in span 2; then from eqs. (6) and (5)

S',
= 'MlZlit' + P,l, (10)

'1

,S2 =
'^^"^

7
^^-

+ P2(l - k2) (11)
t2
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But

hence

/?2 =
j

i
)

h PlJci + Poll - ATo). . (12)
(1 12

The last two terms of (12) give the reaction at 2 for two simple spans.

For several concentrated loads they become

ZPi/:i + ZP2(l - A-2);

and for uniform loads of ici and IC2 per unit of length in the respective

spans,

Wih woh
~2~"^ ~2"'

TABLE 6B

IMoMEXTS AT Supports; Spaxs Equ.vl; Uxiform Load on All Spans
Coefficients of {

— wl-)
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Equations (5) to (9) apply to any span, and (10) to (12) to any

two consecutive spans of a series of continuous spans, when the proper

numerical subscripts are inserted in place of subscripts 1 and 2 in the

expressions.

7. Spans of equal length and uniformly loaded.—When all spans

of a continuous girder are of equal length and uniformly loaded through-

out, the expressions for M, R, and S become much simplified. Tables

6B and 6C give the coefficients of —wP for moments, and of wl for

shears at each side of each support, for any number of equal spans from

one to nine.

TABLE 6C

Shears at Supports; Spans Equal; Uniform Load on All Spans

Coefficients of (wl)



CHAPTER VII

ANALYSIS OF SWING BRIDGES

1. General.—Swing draw bridges usually have both arms of the

same length and are opened by being revolved about a vertical axis.

The simplest case is where the entire weight, when turning, is carried on

a central pivot. In this case the girders, or trusses, are continuous

over three supports when the span is closed and the ends are lifted.

Some swing bridges revolve on a cylindrical drum, supported by
rollers running on a circular track on the center pier, the truss loads

being delivered to the drum by a system of distributing girders. Such
spans have four supports, when the bridge is closed and the ends are

lifted. When the web bracing is continued across the middle panel,

above the drum, the trusses are continuous over four supports. As
the panel above the drum is much shorter than the two end spans,

heavy negative reactions are caused at one side of the drum when one

of the end spans is loaded. As it is difficult to obtain enough anchorage

to resist these negative reactions, this type of draw bridge is seldom

built and will not be treated in what follows.

In order to avoid the difficulty just mentioned, drum-bearing

swing bridges are usually built with incomplete, or very light, web
members above the drum, in the middle panel. Such a span is partially

continuous. It is continuous across the middle panel for bending

moments, and discontinuous for shears.

In some cases two adjacent swing spans are built with their ends

connected at the center of the main navigation channel. The ends

are locked together so that shears, but no bending moments, can be

transmitted from one span to the other. Such a bridge is partially

continuous.

The discussion will be taken up in the following order:

Section I.—The two-span, center-bearing bridge. Continuous.

Section II.—The two-span, drum-bearing bridge. Continuous for

moments; discontinuous for shears.

Section III.—Two center-bearing swing spans with their adjacent

ends locked together. Continuous for shears; discontinuous for mo-
ments.

183
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SECTION I

THE CENTER-BEARING SWING BRIDGE

2. A center-bearing swing bridge with equal spans.—A center-

bearing swing bridge usually has two equal spans; and when it is closed

with its ends resting upon the end supports, or when the ends have

been hfted, it acts as a girder continuous over three supports for live

loads upon any part of either span. The moments at the end supports,

1 and 3, are zero, and the only unknown external moment is that at

the center support, 2. It is convenient to consider the stresses due

to the concentrated and uniform loads separately.

3. A single concentrated load on one span.—For a single concentrated

load, P, on the first span, the bending moment at support 2 is readily

found from Eq. (3), Chapter VI.

For this condition Mi = 0, M^ = 0, P2 = 0, and h = h = I', hence

M2 = -^{k- F) (1)

Reactions.—From Eq. (5), Chapter VI, Si becomes Ri at support 1.

Substituting the value of M2 from Eq. (1), we have

Ri = ^(4 - 5fc + F) (2)

R2 = ^(3fc - A;3) (3)

Rs= - ^(k - F) (4)

Shears.—The shears are readily found in the ordinary manner when

the reactions are known, thus:

when X < kl, Sx = Ri,
, (5)

when X > kl, Sx — Ri — P

when X < kl, Sx is positive;

X = kl, the shear passes from positive to negative, indicating the

point of maximum moment;

X > kl, Sx is negative.

The shear throughout the second, or right, span is equivalent to Rs,

but positive when Rs is negative.

Moments.—The moment for any ]3oint x, between support 1 and

X = kl is M = Rix, or

M.^ki = ^(4 - 5fc + fc3)^ (6)
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This is always positive. M^ is a maximum when x = kl = 0.43275^.

At this point

M = 0.20747PI.

When X is between ki and support 2,

M = Rix - Fix - kl),

or

M^yki = ji-ikl - dkx + k^x) (7)

This may be either positive or negative, depending upon the value of x.

It passes from positive to negative when

^° = 5^ri^ (^)

This point of zero moment is known as the point of contraflexure.

As k becomes larger, xo increases and the point of contraflexure lies

nearer the second support. As k becomes smaller it is located nearer

the first support, the minimum being

Xo = it, when k ^ (9)

The maximum negative moment is at support 2 when the load is at

k = 0.5773Z.

Mn,ax. = - 0.0962PL

For a single load in the first span, the shears in the second span are all

positive and the moments negative.

Typical shears and moments are represented in Fig. 7A. The
shears vary as indicated by (6) and the moments as in (c). The point

of contraflexure is at 0.

4. Table of reactions.—Center-bearing swing bridges with two

equal spans are built much more frequently than those of any other

type. The calculation of the live-load stresses, when such a bridge is

acting as a continuous girder, requires that the values of the reactions

be found for each panel of a truss, or for several equidistant points in

each arm of a girder. Equations (2), (3), and (4) are tedious of repeated

application, and considerable time can be saved by evaluating them for

various numbers of panels, or subdivisions, for some convenient single

panel load, and tabulating these values of the reactions as proportional

parts of the assumed panel load.

Table 7A shows the reactions Ri, Ro, and Rs for a load of 1000 lbs.

at any panel, or division point, in the first, or left, span for numbers
of panels from 2 to 20, this load having been placed successively at each
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panel or division point. The total reactions for any series of joint

loads, or concentrations, may be found by summation. It must be

remembered that the values of the reactions in the table were cal-

culated on the assumption that E and / were constant throughout the

two spans.

(a)

(b)

(c)

Fig. 7a.

5. A uniform load on one span.—Assume a uniform load of iv per

unit of length upon the first, or left, span. Refer to Eq. (4), Chapter VI,

and note that Mi = 0, M3 = 0, W2 = 0, and ^1 = ^2 = I- Then

M2 = - "^1 (10)
lb

Reactions.—From Eq. (5), Chapter VI, for a uniform in place of a

concentrated load,

Ri = ^wl (11)

Ro = iwl (12)

Rs= - ^wl (13)

Shears.—The shear at any point x, in the first span is

Ri - wx, or >Sx = ^wl - wx = j^{7l - IGx). . . (14)

The shear becomes zero at a; = ye^.
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TABLE 7A

Swing-bridge Reactions for P = 1000 Pounds in the Left Arm. Beam Con-
tinuous OVER Three Supports, Two Equal Arms; E and I Assumed Con-
stant throughout the Girder

.
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TABLE 7A—Continued

6 03
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The shear throughout the second span is

S = ^wl (15)

Moments.—The bending moment at any point in the first span is

M, = ^wlx -^ = ^(71 - Sx)x. (16)

The maximum positive moment occurs when x = -^l and is

Mmax. = sWwP (17)

The moment becomes zero at x = |L This is the point of contra-

flexure.

The moment in the second span is

:

-^1X2, (18)

In this expression 0:2 is measured from support 3. It is negative
throughout span 2.

•""1

I I I I I ' I'l I I I I I I I I I I I I Mill

Co)

(b)

(c)

Typical shears and moments are represented in Fig. 7B. The
shears vary as indicated by (6) and the moments as in (c). The point

of contraflexure is at 0.
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6. A uniform load on both spans.—Assume a uniform load of w
per unit of length upon both spans. From Eq. (4), Chapter VI, when

Ml = 0, Ms = 0, and h ^ h = I

M. = - ^.

Reactions.—From Eq. (5), Chapter VI, for a uniform load in place

of a concentrated load.

Ri = M (19)

R2 = ^wl (20)

Rs = Iwl (21)

Shears.—The shear at any point, x, in the first span is

w
Ri — vox, or Sx = ^wl — wx = ^(31 — 8x). . . (22)

o

The shear becomes zero at a: = |L

The shears in the second span are the same as in the first when X2

is measured from support 3.

Moments.—The bending moment at any point in the first span is

ilfx = Iwlx -^J^ = ^(3Z _ 4x)x (23)

The maximum positive moment occurs where x = |L

M„.ax. = tI 8^^^' (24)

The moment becomes zero at a: = f Z, which is the point of contraflexure.

The expressions for the moments in the second span are the same as

in the first when X2 is measured from support 3.

Typical shears and moments are represented in Fig. 7C. The

shears vary as shown by (6) and the moments as in (c). The point of

contraflexure is at 0.

7. End conditions assumed for calculating stresses.—When a center-

bearing swing span is closed, with its ends just touching their supports,

any live load upon one arm will cause an uplift at the free end of the

other arm. A live load passing across the span would thus cause

pounding at the ends of the span. This could be prevented by latching

down the ends. The latches and the mechanism for operating them

would be complicated. It would also be necessary to anchor the end

supports to the masonry sufficiently to resist the negative end reactions

from the latches. Experience has shown that more satisfactory results
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are obtained when the ends are lifted enough to overcome all tendency

to pound. The end reactions under all conditions then become positive,

and the end supports upon the piers have only to be secured in

position.

For ordinary swing spans it has been found that the ends should be

lifted until the dead-load positive end reactions are about one and one-

half times the maximum live-load negative reactions when one arm is

loaded. In some cases the droop of the ends due to temperature changes

causes additional end reactions which, when combined with those due

to uplift, become too large to be easily provided for. In such cases the

end uplift can be reduced without danger of pounding.

Fig. 7C.

8. Load conditions for calculating stresses.—The maximum stresses

in the main girders, or trusses, of swing spans should be calculated for

each of the following conditions of loading.

Case I.—Dead load: Bridge open, or closed with no end reactions.

Case II.—Dead load: Bridge closed, with its ends lifted to cause

positive end reactions equal to one and one-half times the maximum
live-load negative reactions, without impact.

Case III.—Live load: Bridge closed, but with no dead-load end

reactions. One arm loaded and considered as a simple span.

Case IV.—Unbroken live load: Bridge closed and considered as a

continuous girder.
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Case V.—Unbroken live load: Bridge closed and considered as a

continuous girder, but with the live load placed so as not to cause

negative reactions.

Cases I, II, and III require no comment. In Cases IV and V the

stresses in some parts of a continuous girder, or truss, may be greater

when the live load is broken and each part placed where it will con-

tribute to the stress in the member. Such an exact division of the live

load is not likely to occur during its passage, particularly in the case of

railway bridges. Unbroken loads in the position, and of the length,

required for maximum stresses in the various members are much more

probable. If the bridge is located so that broken loads are likely to

occur, they should be used in Cases IV and V, but this will seldom be

required.

The placing of the live loads for maximum stresses in one arm for

Case V requires special attention. Case V, as stated, requires that

there be no negative reactions. The live load, when placed for maxi-

mum stress in any member of the left arm, for example, must extend

across the center support and upon the right arm until the reaction at the

right end is either zero or positive, depending upon the particular

member of the left ami under consideration.

The dead-load and live-load stresses from Cases I to V must be

combined to find the maximum stresses for which the girders, or trusses,

must be designed. The following combinations should be considered.

Case I alone.

Case I with Case III.

Case I with Case V.

Case II with Case IV.

The positive shears near the end of the arm, and some of the nega-

tive shears, will be a maximum when the load is on one arm only.

The maximum positive bending moments also occur when only one arm

is loaded. When the ends are not lifted, a load on one arm will cause

the end of the unloaded arm to rise and the loaded arm to act as a

simple span for live load; hence Case I should be combined with III.

When the ends are neither lifted nor latched down. Case I will also be

combined with Case V. When the ends are lifted, Case II should be

combined with Case IV.

The girders, or trusses, should be designed for the maximum com-

bined stresses in each member. When stresses of opposite sign occur

in a member, due to separate combinations, the member should be

designed for the largest combined stress of either kind. When the

stress reversal is caused by one passage of the live load, an addition

may be made to the stress of each kind to provide for the relatively
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sudden reversal of the stress. This is frequently done by adding to each

of the alternating stresses one-half of the smaller.

When the bridge is to be designed for a dynamic allowance, or

impact, added to the live-load stresses, the addition should be made
before making the combinations. This method will result in greater

stress reversals than would have occurred had the simple live-load

stresses been combined with the dead-load stresses. Reversal may be

indicated in some members which would not have been subject to

reversal had the impact method not been used.

9. Stresses and design of a center-bearing swing bridge, with two

equal arms.—Assume a single-track, through, center-bearing swing

span, with two equal arms of the dimensions shown in Fig. 7D (a).

Let the live load be Cooper's Class EGO. The dead loads for such a

bridge will be about as follows:

Trusses and bracing 1750 lbs. per linear foot of span, one-half being

considered as concentrated at the upper and one-half at the lower

panel points.

Panel Loads
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and one-half times this is 49,950 lbs. The stresses may be found l^y

the ordinary methods. They are given in column 3.

Case III.—Live load: Bridge closed, no dead-load end reactions,

simple span.—The maximum stresses are easily found by the usual

methods. They are shown in column 4, upper series of figures. Below

each stress is also given the impact from the formula.^

I = S
2000

1600 + lOL'

S is the calculated stress, L the loaded length of track when the stress

is a maximum, and / is the addition for dynamic increment, or impact.

The sum of S and I is also given in the table for each member.

Case IV.—Unbroken live load: Bridge closed and considered as a

continuous girder.—In this case the ends of the span are considered

as just touching the supports, but held down so that negative reactions,

as well as positive, may be developed. Either or both arms may be

loaded in order to produce the greatest stresses, depending upon the

member under consideration. The truss in this case is a true continuous

girder for live loads, and the ordinary methods of calculation become

long and tedious. The direct use of influence lines has been found to

be the most expeditious method of calculation, and the results are

relatively as accurate as the areas of the members when made up from

commercial rolled steel plates and shapes.

Typical calculations of an influence line for a chord and a web
member will be given.

Chord BCD.—The center of moments is at c. The end reaction,

Ri, for a unit load at any joint is taken from Table 7A.

TABLE 7B

Position

of Unit

Load
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The influence line for moments at c is shown in Fig. 7D (b), by

the broken line, ac'jM.k. The positive moments are plotted above

the line ajk and the negative below it. In a similar manner the in-

fluence lines for moments at the remaining panel points h, d, e, and /

are calculated and drawn. Note that the moments at e for loads on

the left arm are all positive. Had the arm been divided into six panels,

in place of five, the moment at e for a load at h would have been negative.

The moment at / is negative for loads at any point of either arm.

The influence lines may be drawn on cross-section paper, for con-

venience in reading their values when the loads are applied. The live-

load diagram should be laid out on a strip of paper, to the same hori-

zontal scale as the influence diagram. The load diagram is then
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applied to the influence diagram in the position required for the maxi-

mum moment at any joint. A Kttle experience will soon indicate which

axle load should be placed at any joint and the direction in which the

load should be headed. For maximum positive moments in span 1,

span 2 should not be loaded. For negative moments in span 1, span 2

should be loaded. For maximum negative moments at the center of

the bridge, both spans should be loaded.

When the load diagram is correctly located for the maximum moment
at any joint, the ordinates to the influence line, for this joint, are either

read directly from the cross-section paper or scaled if plain paper is

used. The ordinate for any axle is then multiplied by the axle load

and the products summed for all of the axles. It is convenient to

scale and sum the ordinates for all duplicate axles before the multiplica-

tions are made.

The chord stress for any center of moments is found by dividing

the maximum bending moment at the joint by the lever arm of the

chord.

Weh member cD.—The influence line for web stresses may be calcu-

lated either for the shear in the panel or for the actual stress in the web
member. When either or both of the chords is inclined, the influence

line for stress is the more convenient, and will be used in this example.

Chords EB and fa, produced, intersect 15 panel lengths to the left of a.

34
The lever arm of cD about this moment center is 17 X .^ „.^ = 12.747

panel lengths.

45.343

TABLE 70

Position
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is similar. All of the influence lines are plotted in Fig. (c). For

clearness, the lines for span 2 have been plotted to a much larger scale

than was used for those for span 1. It should be noted that when stress

influence lines are used, there is a separate line in span 2 for each

principal web member of span 1. Had shear influence lines been used,

only one line would have appeared for span 2.

Care must be taken to head the live load in the right direction, and

put it in the correct position to produce the maximum direct and

reverse web stresses. For positive shears near Ri, the load should

be headed toward the left, two engines used, and no load placed on

span 2. For cD, Dd, and dE the load is headed toward the left, one

engine is used, and span 2 is not loaded. For stresses due to negative

shear in Be, span 2 is loaded, the load being headed toward the right,

and span 1 is not loaded. For dE the load heads toward the left and

span 2 is loaded. For Ef, since FE, produced, passes through a, the

position of the load and the stress in EJ is the same as for a simple span,

of length af. Note that the live load is considered as unbroken for all

web stresses in this example.

The direct and reverse stresses for all members of the truss are

shown in Table 7D, columns 6 and 7, also the impact additions

and the totals to be used when combining Case IV with Case II.

Case V.—Unbroken live load: Bridge closed and considered as a

continuous girder. No negative reactions.—The conditions imposed,

namely, that the load be unbroken, and placed so that no negative

reactions are produced, make a preliminary calculation necessary to

determine the portions of the spans to be loaded. Consider the first,

or left, span. When the axle loads are in the positions to cause maxi-

mum positive moments, such a part of span 2, to the right of R-z, must
be loaded, as to neutralize the negative reaction at R3, due to loads

in span 1. When the axle loads are in the positions to cause maximum
positive shears in the web members of span 1, a part of span 2, to the

right of R2, must be loaded. The load is headed toward the left for

these web members. For the maxiinum negative shears in span 1,

some wheel of the second engine is placed at the critical panel point,

and, as all loads in span 2 add to the negative shears, span 2 must be

fully loaded.

For the positive moments and shears in span 1, the portion of

span 2 that must be loaded to the right of Ro is most readily found

from an influence line for reactions at R3. Such a line is shown in

Fig. 7D (d).

As an example, consider the maximum stress in cD due to positive

shear. The load is headed toward the left with only one engine in
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TABLE

1
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front of the train, and with axle 11 at panel point d. With the un-

broken load in this position, it is found, by scaling and summing the

reactions at R3 due to each axle on span 1, that the negative reaction

at R3 is — 10,200 lbs. The length of the train load to the right of

R2, in span 2, to neutralize this negative reaction may then be found

from the reaction influence line, (d). The uniform load in panel fg

causes a positive reaction at R3 equal to

^^-^ X 30 X .3000 = + 5760 lbs.

The load must extend into panel gh until 10,200 - 5760 = + 4440 lbs.

is produced at R3. The length of uniform load necessary is found from

the expression,

0050x\
0. 128 + ^^

j
X (3000) = 4440,

from which x — 9.5, very nearly. The uniform load should then extend

9.5 ft. beyond g into panel gh.

The maximum stress in cD with one arm loaded and with wheel 11

at d is

Pounds
- 50,240

The positive stress due to loads in span 2 is:

^^ X 30 X 3,000 = + 3825

,9.5
0.825 + 0. 835+ (.113- 085)-

X 9.5X3000
= + 2545

+ 6,370

The resultant stress in cD for Case V then is — 43,870

These maximum stresses for Case V in all members of the truss are

shown in Table 7D, columns 8 and 9. The impact additions and the

totals to be used, when combining Case V with Case I, are also given.

Combined stresses.—The combinations of the stresses from Case I

with Case III, Case I with Case V, and Case II with Case IV are shown

in columns 10, 11, and 12. Column 13 gives the maximum combina-

tions for which the various truss members must be designed.

The " Specifications for Steel Railway Bridge Superstructure,"

reported by the Special Committee on Specifications for Bridge Design
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and Construction of the American Society of Civil Engineers, Art. 112,^

provides that " if the alternate stresses occur in succession during the

passage of one train, as in stiff counters, each stress shall be increased

by 50 per cent of the smaller." This provision applies equally well to a

swing span, for some members usually are subjected to such alternate

stresses. In the example under consideration it is found by inspection

that the only members affected by this provision are the chords cd,

BCD, and DE, for the combination of Cases II and IV. In column 13,

50 per cent of the smaller stress has been added to each of the alternating

stresses in column 12, for this combination.

Design of members.—The unit stresses and methods called for by the

Specification referred to above have been used in the design of the

various truss members. It is also assumed that ordinary structural

steel would be used. Columns 14, 15, 16, and 17 indicate the process,

and the resulting sections are shown in column 18.

10. Stresses corrected for actual truss conditions.—The methods of

analysis thus far given are based upon the ordinary theory of beams
and constant moments of inertia throughout the girder or truss. The
common theory of the deflection of beams does not take into account

the deflections due to the web distortions, but only those due to changes

in length of the chords. In beams with solid webs, the error introduced

is not serious; but in the case of trusses with ordinary web members,

it may be too large to be neglected. For example: The end deflection

due to the chord stresses in the truss treated in Chapter IX, Art. 16,

Table 9L, is about 1.74 in., while that due to stresses in the web members
is 0.52 in., or about 30 per cent of that due to the chords. Of the

total end deflection, about 77 per cent is due to the chords and 23 per

cent to the webs. The moment of inertia was also assumed to be

constant throughout the length of the truss, while, as a matter of fact,

it increased from the ends toward the center pier, owing to the in-

creased depth of the truss and larger sections at and near the

center.

The two errors in the common theory are, in some degree, com-

pensating; hence it is better to ignore both than to attempt to make
corrections for either alone.

When it is desired to correct a design to take account of the actual

truss conditions, the method of redundant members is the most con-

venient.

In the case of a center-bearing swing bridge, it is convenient to

consider the center reaction, R2, as redundant. The truss is then

assumed to be supported only at its ends.

2 Trans. Am. Soc. C. E., Vol. LXXXVI, p. 478, 1923.
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Let P = the stress in any member due to the given loads;

u = the stress in any member due to a unit load applied upward
at the center;

I = the length, and A the area of any member, then

R2^ - 2^EA

2L,'ea

(25)

By the application of Eq. (25) for a unit load at each of the loaded

joints, an influence line can be calculated and drawn, but the labor

involved is considerable, and a more convenient method will be given.

^"^"""-^Jifr
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TABLE 7E

Member
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Fig. 7F.

The influence line for R2 hav-

ing been determined, reactions Ri
and Rz may be found by taking

moments about Rz and Ri, and the

influence hnes for moment and
shear at any point may be found

and compared with those of Fig.

ID (b) and (c). The process is the

same as outhned in Art. 9. The
complete influence lines may then

be constructed, the axle loads ap-

plied, and the stresses found and
compared with those previously

determined by the approximate

method. The example will not be

fully carried out. Closely approxi-

mate results may be found by
comparing the influence areas,

which amounts to assuming that

a certain load per linear foot of

span determines the stress at

each joint, successively, both for

the approximate and the more
exact method, by the use of the

actual reactions. The results are

given in Table 7G.

TABLE 7G

Comparison of Bending Moments
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12. A center-bearing draw bridge with unequal spans,—Let the

length of the first span be ^i and that of the second 1-2. Consider a

single load in the first span at a distance kh from the left support, Ri.

Apply Eq. (3), of Chapter VI, observing that

M = 0, 3/3 = 0, and P2 = 0; then

M^ = - P'^i^ (27)

From Eq. (5) Si becomes Ri at support 1, and, Ijy suljstituting the value

of il/2 from (27),

h(k-0y
Ri = Pi

R2 = Pi

(1 - fc)
-

2(^1 + h)}

2{h + l2)\ '^l.

(28)

/^• + ^.1)^^4-^11 + I;)]
(29)

^^ = -^4-^!^! (^«)

It is sometimes convenient to let nh represent I2, n being the ratio

of Z2 to li. The equations then become

Ri = orA—^[2(1 + n) - (3 + 2n)k + P]. . . . (32)
2(1 + ny

2n'
R2 = ^[(1 + 2/0^- - k'^] (33)

R3= -Kn^^ik-k^) (34)
2(1 + njn

If n in Eqs. (32), (33), and (34) is made unity, length I2 becomes

equal to h and the expressions reduce to the forms given in Eqs. (2),

(3) , and (4) . All remaining values are readily found when the reactions

are known, and the method of solution of a swing bridge with unequal

spans may be the same as for one with equal arms. The number of

stresses to be found is greater because of the lack of symmetry.

A swing bridge of this type is often called a bob-tailed draw.

SECTION II

THE RIM-BEARING SWING BRIDGE

13. A rim-bearing swing bridge. Truss partially continuous over

four supports.—Figure 7G (a) represents the outline of a rim-bearing

swing bridge of three spans, continuous over four supports. It is
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evident that loads upon span 1 will cause heavy negative reactions at

support 3; in fact, they would be larger than the dead-load reactions.

Should an attempt be made to resist them, it would be found that

special anchorages would be required. Should anchorages adequate

to provide for the negative reactions be supplied, this form of truss

would be undesirable, for the loads upon the drum would be unequal

when the span was unsymmetrically loaded. This is one of the

many cases where it is wiser to avoid the difficulty than to meet the

theoretical conditions by unusual devices.

Of the various designs that have been used to overcome the large

negative reactions due to unsymmetrical loads, probably the best and

B ^_CD E F G H

most feasible is to make the diagonals in the middle panel, above the

drum, of light sections, strong enough to resist vibrations and end wind

forces, when the bridge is open, but weak enough to prevent full con-

tinuous-girder action across the drum bearings.

Such a truss is 'partially continuous. The middle panel chords are

made strong enough to provide for the full bending moments, due to

continuity; but the middle web members are designed so that they

act only as braces for the middle posts when the span is open, and

cannot carry the shears theoretically due to a continuous condition.

Experience has shown that such trusses are pemianently satisfactory,

and they may be considered as standard designs for this purpose.
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Various designs, providing links connected to the tops of the middle

posts by pins, and similar devices to avoid the shearing stresses, have

been built, but, with the resulting compHcations in details, they have
not proved of enough value to justify their costs.

Figure 7G (6) represents one form of a partially continuous swing

draw bridge which has proved to be a satisfactory design. Here the

Fig. 7H.

middle panel diagonals, Fg and JG, are made of light nominal sections,

determined from practical considerations. They must be able to resist

all stresses due to endwise wind pressure and vibrations when the span

is open, but are assumed to carry no shearing stresses due to unsym-

metrical live loads.

14. Reactions for a beam partially continuous over four supports.

No shear in the middle span.—Let Fig. 7H (a) represent a beam, of



208 ANALYSIS OF SWING BRIDGES [Chap. VII

uniform moment of inertia, supported at Ri, R2, R3, and R^. The
span lengths are h, h, and h. The web is assumed to be omitted in

span 2, but the flanges continue to be of full section between B and C.

Assume a single load at any point of span 1, distant kh from A. Let it

be required to find the four reactions.

The deflection of a loaded beam, Chapter IX, Art. 1, Eq. (1), is:

rA =
I ^ (35)

If reaction Ri is considered to be omitted, this expression gives the

deflection at A = A. If now a reaction of one unit is assumed at A,

the beam being otherwise unloaded, the deflection is

r"^^ (36)

The actual reaction at A due to the load P, then is:

J^^
Mmdx

"" " 1 " rvdx ^^^^

Ja EI

The integration can be made, by the usual methods, separately for the

parts AE, EB, BC, and CD, and the division performed as indicated.

It is interesting to substitute the method of area-moments of Chapter

IX, Art, 6; and this will be done not only to obtain a convenient

solution, but to indicate the utility of the method.

Let Fig. (6) represent the deflected beam and the tangent-deviations,

to greatly exaggerated scale, and Fig. (c) the bending moments due to

the load, P, and the end reaction, Ri, of unity.

The bending moment at B and C, due to the load P, are each equal

to M = — P{1 — k)li. We can then write at once by inspection,

Elt, = - P{1- k)h X Kl - k)h X i(l - k)h = -^(1- k)Hi^.

EltV = - P(l - A:)^i X \{l - k)h X-i(l - k)h = - ^(1 - kfh\

The intersection/ is at ^(1 — k)li from R2, and

p

Elh = - \r^ z:^t3(l - k)h + kh]
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= ^{k - A-3)?:3 _ ^(1 _ A0/i3.
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(38)

h
Elh = Elh = - P(l - k)h X /2 X

I
= P

(1 - k)hl2^

EI(t2 + h) = - P(l - k)hl2^

The tangent-deviation at Rx, due to the deflection of span 2, then is

Elh" = - P(l - k)hl2~ X r = - ^(1 - ^O^-^L'.
t2

(39)

EIU = - P{1- k)h X |?3 X i/3 = - ^-(1 - AO/Js^,

but the tangent-deviation at Ri due to ^4 is ^4 X y^; hence,
13

Elh" ' = -^{l- k)hh' X [^ = - ^(1 - k)h%. . . .

o is

Summing (38), (39), and (40),

EI(t, + h" + ti" ')

= ^{k - F)/i3 - ^(1 - fc)(2Zi3 + 6h% + 2h%)

(40)

(41)

Consider now the tangent-deviations due to the unit reaction at Ri
The bending moments at B and C are each equal to 771 = h; hence,

Elh = /i X hh X fZi = Ih

EIt2 = Elh = hX I2 X U2 = ihh^

Elh" = hh''

Elh = hX hh X ih = Ihh^

Elh'' ' = ih%

Summing (42), (43), and (44):

EI(h + h" + h"') = l{2h^ + 6hn2 + 2h%)

Dividing (41) by (45),

and

and

Ri = P (1 - k)
h(k - F)

2/1 + 6/2 + 2/3 J'

The remaining reactions can now be found.

h(k - F)

(42)

(43)

(44)

(45)

(46)

R2 = P - Ri = P k +
2/1 + 6^2 + 2/3

""^ "^^
^2Zi + 6I2 + 2/3 ^ ^3-

(47)

(48)
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In most swing bridges, spans h = h == I, and the reactions become,

l(k - F)
Ri ^ P

R2 = P

R3= -

(1 - k)

k +

R4 = P

41 + 6^

l(k - F) 1

4/ + 6/2 J'

l(k - P)

)^2 J"

41 + 6^2

(49)

(50)

(51)

When the general expressions for the reactions as given above are known,

the actual reactions for any system of loads may be found.

The method of influence lines, used for the center-bearing swing span

analysis in Art 9, will be found convenient for calculating the stresses.

It must be noted that the influence reactions for a partially continuous

swing span cannot be taken from Table 7A, but must be calculated

from the equations given above.

The expression for Ri, given in Eq. (46), differs from that in Eq. (28)

only by the term 6I2 in the denominator.

All of these formulae are for constant moment of inertia.

After preliminary sections are found from the use of these equations,

corrections can be made to conform to the actual moments of inertia

by a method similar to that outlined in Arts 10 and 11.

SECTION III

DOUBLE SWING BRIDGES

15. Double swing bridge. Ends connected by a shear lock. Par-

tially continuous over four supports.—In some cases where a large clear

opening is required for navigation two adjacent swing spans have been

used, as indicated by Fig. 7 I, providing a clear opening of BD. When

Fig. 7 1.

the bridge is closed the ends are locked together at C, so that shear,

but no moment, is transmitted across the joint. The cantilever ends

are thus forced to deflect together. If the ends were left free the pier

reactions could be found from ordinary static expressions. As they

are locked, each cantilever will react against the other by a force V.

When this mutual reaction is known, all of the others are readily found.
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Let it be assumed that the cncis are not connected at C. Find the

following deflections: (1) The deflection 5'„ at C, of the structure AC,

for a single load placed at any point of AC. (2) The deflection d'c at

C, of the structure AC, for a unit load at C. (3) The deflection 8"c at

C, of the structure CE for a unit load at C. If now the two structures

be considered as connected at C, this point will deflect a distance 5„

under the load P, and 5„ will be less than 6'„ on account of the resist-

ance of structure CE.

Let V be the mutual reaction between the arms at C; tncn for the

structure AC,
5„ = 5'„ - V8'c

and for the structure CE,

8n = V8"c.

Solve these expressions for V and

V = ^ (52)

When d'n is downward V is positive, or upward upon AC. When the

two structures are alike and symmetrical about C, b"c — 8'c and

" 7 =
:^ X 4.^ (53)

8'c + 8'c 2 5

The right reaction of an ordinary swing bridge, AC, is

h'

Rs = -TT, hence

V = ii?3 (54)

The reaction V then is one-half of that for the same structure on rigid

supports.

16. A single load on the first span.—The two spans are assumed to

have the same moment of inertia throughout. Assume a single load,

P, in span 1, and let V represent the mutual reaction of the shear-

locked cantilevers upon each other. The method of area-moments

will affort a simple means of finding the value of V. In Fig. 7J (a),

ABC represents the first span and CDE the second. The deflection

curves are sketched to greatly exaggerated scale. Figure (6) represents

the bending moments due to the load P and the reaction V. They

must be taken with their proper algebraic signs. The mutual reactions,

V, being equal, the spans symmetrical, and the moments of inertia
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constant from end to end of the two structures, the tangent-deviations

at C must also be equal, or

tvi — ^Ts tv.

Let ^1 be the tangent-deviation at A and U that at E. Suppose the

tangents from A and E to be produced to intersection with the vertical

through C; then

U
, U

tvi = hf- and ty^ = Uy.

Let the tangent-deviations at C, due to the deflections of the spans h,

be tv2 and tv^, respectively. The sum tv^, + tv^, must then be equal to

ivi + tvy Call these sums tv.

h—^ —Ir

The bending moment, — Tlf^, at B = — YI2 and il/s at D = 172,

also that at P = Mp = PA;(1 — 'k)l\. We can now write, by inspection,

Eltx = Pk{l - k)h(Ui)l[kh + Kl - ^O^i] - Vl2{Ui)(¥i)

but ^F, = ^1 X ,-; hence

Elty,

h

PhH2
6

(/v - A;^) - Vhl^
(55)

^7^4 = FZ2(|Zl)(iZl)

h

VliH.

but ^1^4 = ^4 X Y, hence

Eltv, = Vld2
(56)



Art. 17]

Eltv,

Similarly,

LOAD ON SECOND SPAN

Vl2{hl2)(il2) = - ^.

Eltv, = vy
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(57)

(58)

Since tvi + tv2 = Uu + ^t-3,

from which

hHk - F)

'{k - P) - —A— - ^^ = ^'^ +
3

'

V
4(/l + /2)/2"

(59)

This value of V is one-half of the reaction, Rs, shown by Eq. (30).

The value of V having been found for a load at any point on span 1

,

the reactions may readily be calculated from simple moment equations.

17. A single load on the second span.—Let Fig. 7K (a) represent

j-

the conditions diagrammatically, and let Fig. (b) represent the bending

moments, in a precisely similar manner to that described in Art. 16.

The bending moment, M2, at B, due to V, = VI2, and — M3 at

D = - VI2. The moment at B, due to P, = - Mp = - Pklo. We
can now write by inspection,

Elh = Vl2(Ui){¥i) - Pkl2(hh){¥i)
^^''^' ^^'^''^'

but tvj^ = ti X f; hence

3

Vhh- Pkhh-
^^^-

3 3

Eltv, = Vl2{hl2)&2) - Pkhmhih - Ikh),

(60)
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or

Eltv, = "^.^ - "^(S/c-' - k^) (61)

Elk = - Vhihhmh) = - ^-,

but tvi = U X ," ; hence,
11

FAU; --^'^ (C2)

or

EIlv, = - Vl2ai2){ll2),

Eltv, = -^ (03)
3

Since ty^ + tv^ = iv^ + tv^,

""3 ^ 3 ~T~ 6"^'^'' - "') -
3

3-

from which

^-^'^2(d«+P^-f^ (64)

If, in E(i. (28), k is substituted for 1 — A;, 1 — k for k, h for lo, and

I2 for h, the e(iuation becomes,

Hius the vahio of V in Eq. (04) is found to be one-half of the reaction

lix in Eq. (28).

The value of Y being known for a load at any point of span 2, the

reactions may be found from simple moment equations.

18. Lateral bracing.—In through swing bridges of the type shown
in Fig. 7D (a), portal franu^s are placed above the traffic clearance line

l)etween the end posts at B, and Ixjtween the center diagonal posts, /i/,

and the vertical posts, Vf. These portal frames serve to transmit the

lateral forces on the uppc^r chords to the plane of the lower chords, at

a and/, when the bridge is closed, and to/ when it is open. On account

of the flexibility of the portal frames and posts, there is little need of

considering the upper bracing as continuous.

In the plane of the unloaded chords, the lateral truss should be

treated as two simple, horizontal spans when the bridge is closed, and

as two cantilevers when it is open.

In the plane of the loaded chords, the lateral truss should be con-
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sidered as a horizontal, continuous truss when the bridge is closed, and

as two cantilever spans when it is open.

The lateral systems and the general stability of the bridge should

be investigated for three conditions of loading.

First.—When the bridge is closed and there is no live load on it,

the lateral wind pressure should be assumed as 50 lbs. per square foot

on one and one-half times the area of the truss and the floor system, as

seen in elevation.

Second.—When the bridge is closed and carrying live load the wind

pressure should be taken as 30 lbs. per square foot on the same area,

and combined with a horizontal lateral force at the loaded chord of

10 per cent of the live load. For railway bridges this is sometimes

specified as a horizontal wind pressure of 30 lbs. per square foot on a

train 10 ft. high and assumed to act 7 ft. above the rail.

Third.—When the bridge is open the wind pressure is assumed as

15 lbs. per square foot on the same area as above.

The maximum stress selected from these three cases is the proper

basis for proportioning each respective member of the lateral bracing.

As a movable bridge is actually a machine, great care must be taken

to make sure that the laterals and sway systems are well designed

and of ample strength. All light, flimsy sections must be avoided.

This is particularly important in any parts of the structure that are

subjected to stresses and vibrations from the operating machinery.

Many of the defects in the action of the machinery are directly traceable

to deflections and vibrations of the structural parts supporting the

mechanism.



CHAPTER VIII

ANALYSIS OF BASCULE AND VERTICAL-LIFT BRIDGES

1. General.—While nearly all swing bridges, except the shear-pole

and jack-knife types, are continuous or partially continuous, most types

of bascule and vertical-lift bridges are simple spans or cantilevers, or a

combination of both. The ordinary' static relations serve for the cal-

culation of the stresses, without resort to their elastic properties. The
calculations are much simpler than those for swing bridges.

Bascule bridges are usually cantilevers for dead loads and simple

supported spans for live loads. There are a few conditions that should

receive attention. In trunnion bascules it is important that the trun-

nion reactions be thoroughly analj^zed. The maximum dead-load

stresses during movements of the leaves must be determined. ^Mien

two bascule leaves open from the middle of a na\'igable channel they

are locked together when closed, so that stresses due to shear are trans-

mitted across the joint, and the two leaves are forced to deflect together

under live loads. The stresses due to this condition must be found.

Particular attention must be given to an analysis of the stresses due to

wind pressure when the bascule leaves are open.

Vertical-lift bridges are usualh^ simple spans, supported at their ends,

for both dead and Hve loads, and it is seldom that unusual problems are

presented for solution. This is equally true of their lateral and wind

bracing.

2. Dead-load reactions of a closed bascule bridge.—Let Fig. 8A
represent a single-leaf bascule span.

Let W = the weight of the leaf, acting at its center of gravity, c. g.;

m = the distance of c. g. from g;

I = the lever arm of a link FG connecting the leaf to the

counterweight de\ace;

6 = the angle which FG makes with the horizontal.

The weight IT acting at c. g., distant m from g, causes a shear and a

couple at the trunnion end of the truss or girder. The shear is equal

to the weight TT. The arm of the couple is /, and T and T' the two

reactions from the couple tt'; then

T = - r = ir"-.

216
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The vertical reaction is

217

Rv = W - T' sin d (1)

The proportions of some bascule leaves are such that Rv is negative.

The horizontal reaction is

Rh = T' cos 9 (2)

The resultant reaction at g is

R= Vr;^tr? (3)

The tangent of the angle that the resultant reaction makes with the

horizontal is

Strict attention should be given to the magnitude and direction of

the trunnion reactions and to the design, so as to provide for all stresses

developed at the trunnion and its bearings, throughout the movements
of the span.

3. Dead-load reactions of an open bascule bridge.—In Fig. 8B let

(a) represent a bascule bridge opened 90° from its horizontal position.

When in this position, with no wind pressure upon the structure, there

will be no stress in link FG nor anj^ horizontal reaction at the trunnion g.

The vertical reaction then is

R'v = W. (5)

Most designs are made so that the bascule cannot be opened a full

quadrant. Let Fig. 8B (6) represent such a structure. EquiHbrium

must be maintained by a shear and a couple at the trunnion end. The
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shear is equal to W. Let the arm of the couple be V and T' and T" be
the two reactions, then

rrtn
T' = — T" = W—.

The vertical reaction is

R'v = W - T" sin d'.

(6)

^7^

Fig. 8B.

This will always be positive. The horizontal reaction is

R'h = T" cos e'. ...
The resultant reaction is

R' = VRy'2 + 72^/2

(8)

(9)
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The tangent of the angle that the resultant reaction makes with the

horizontal is

tan^' = |^' (10)

4. Dead-load stresses.—When the bridge is closed and the reactions

are known, the dead-load stresses are easily calculated by the ordinary

analytical or graphical methods. After the bascule leaf has been

revolved 90°, the stresses again are readily determined. During the

movement of the span the dead-load stresses are constantly changing,

and in the case of some members they may pass through a maximum
greater than those existing when the leaf is either closed or open.i

Let Sh = the stress in any member of the truss when the leaf is

closed

;

Sv = the stress in the same member after it has been revolved

90° from its closed position.

Let Fig. 8C (a) represent the leaf in its closed position and Fig. 8C

(6) show it after it has revolved through an angle a from its closed

position.

Find the stress in one of the lower chords, as cd.

_ ilf _ po cos ahp + pi cos ahi + Pi COS ahi -f Po COS ah2 + etc.

Po sin cxd + Pi sin ad + Pi sin ayi + etc.

_ Iph cos a + 2Pv sin a _ Mh COS a + My sin a"
d

"
d

'

or

S' = Sh cos a + Sv sin a (11)

To find the maximum value of *S", differentiate with respect to *S' and a.

--y— = — Sh sin ao + Sv cos ao = 0, hence tan ao = -^y
da i^H

Sv 1
Sff

sm ao =
/ _ , and cos ao

VSh- + Sv-' ^Sh^ + S^^'

therefore

& = 'S'n.ax. = ^£^^t -2
= ^^7~+S? (12)

^Sh + Sv

The same reasoning may be applied to any member of the truss.

1 The method given is taken from a paper entitled " Maximum Stresses in

Bascule Bridges," by Mr. W. W. Pagon, Junior (now Member), Am. Soc. C. E.,

Trans. Am. Soc. C. E., Vol. LXXVI, p. 73.
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To find a criterion for the position of the leaf giving the maximum
stress, lay off, as in Fig. 8D, ah = Sh and be = Sv, making abc a right

angle. Then ac = VSh^ + Sy- = S. Draw a circle through a, h,

^.

and c. Draw any hne, as ad, making any angle a with ab. Project h

and c on this line at e and d; then ae = Sh cos a and ed = Sv sin a;

hence ad = S' for the angle a. As abc is a right angle, ac is a diameter
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of the circle and is greater than any chord, as ad; hence the maximum
stress, /S'max. = S, occurs when the diameter ac makes an angle

tan"
Sv

Fig. SD.

^ = -^. Sh and Sv are here taken as of the same sign, as compres-

sion, and are laid off in the directions

ab and he, and thus represent the

stress in any lower chord member.

The stress in any other member, when

of the same sign, may be laid off and

a circle drawn in a similar manner,

and a maximum stress is caused by

each opening of the leaf.

When the stresses are of different

signs the circle will be in a different

quadrant, a being the origin, and a

maximum stress will not be attained.

Criterion for maximum stress.—
Whenever Sh and Sv for any member
have the same sign, there will be a maximum dead-load stress, greater

than either, produced in the member each time the bridge is opened or

closed. When this stress occurs the bridge will be open at an angle

S,r

Sh
the maximum stress will be one of the two, whichever is the greater,

usually Sh-

Maximum stress.—To find the maximum dead-load stress in any

member in a truss revolving about a horizontal axis perpendicular to it:

Find Sh for the bridge closed. Note by inspection whether Sh and Sv
are of the same sign, and if so find Sv for the bridge open; then the

maximum stress is

S = VSh- + Sv'2 (13)

If they are of unlike signs, either Sh or Sv is the maximum stress.

5. Live-load stresses in a double-leaf bascule bridge.—Assume
that a double-leaf bascule bridge, as indicated in Fig. 8E, is designed

so that when closed it acts as two cantilever arms locked together at g

for shears, but also so that no bending moments are transmitted at this

point. The stresses in such a structure can be found from the ordinary

static relations after the reactions of one arm upon the other at g have

been determined. Assume a load P at any point of the first, or left,

arm. Equation (64) of Chapter VII gives the mutual reactions of the

channel anns of two swing spans with a shear lock at their points of

tan~^ = 't^ with the horizontal. When Sh and >SFare of unlike signs
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juncture. In this equation let Zi = and h — I- The value of V
then becomes

V = ^(3^-2 - F). (14)

From this expression the reactions at g may be found for a load P at

any point of the arm ag. Making Zi = in Eq. (64) is equivalent to

assuming that the two arms of Fig. 8E are fixed at the trunnion ends

a and m. This is not strictly correct, for the leaves act as restrained

cantilevers and must be anchored back at A and M. Any elastic

distortion of the anchorages will permit small rotary movements at a

and m which will modify the deflections at g and the mutual reactions

at g. As the anchor ends are usually short and of large sections, the

errors introduced by assuming fixed ends are small.

Fig. 8E.

When the construction is such that the elastic movements around

a and wi are significant, the first design, based upon fixed ends, can be

corrected by taking account of the elastic deflections of the anchorages

in a manner similar to that outlined in Chapter VII, Arts. 10 and 11,

for center-bearing bridges.

6. Wind pressures.—The United States Weather Bureau, after

thorough investigation, has adopted the following formula for wind

pressure against surfaces normal to the direction of the wind:

P = 0.004^72,

in which P = the wind pressure per square foot of exposed surface;

B = the barometric pressure in inches of mercury;

V = the velocity of the wind in miles per hour.

For practical purposes the barometric reading may be ignored, and

the formula then becomes,

P - 0.004F2 (15)
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The pressures corresponding to various wind velocities are given in

Table 8A.

TABLE 8A

Velocity
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end. The leaf thus becomes a cantilever for lateral wind pressure as

well as for vertical dead load.

A wind pressure of 50 lbs. per square foot corresponds to a velocity

of about 112 miles per hour, which is a wind of hurricane, or tornado,

intensity. To provide for any contingency the laterals and sway brac-

ing should be designed to withstand a wind pressure of 50 lbs. per

square foot, and the general stability of the entire structure, with

its towers and counterweights, should be investigated for this

pressure.

Bridge closed with live load.—When the bascule is closed the free

end reaction from dead load will still be zero, but there will be a positive

reaction from the live load, and this will be large enough to cause the

leaf to act as a simple span on two supports for lateral wind pressure.

The laterals and sway bracing in this case should be designed for a wind
pressure of 30 lbs. per square foot. This pressure should be taken as

acting on a surface equal to the full projected area of the leaf and its live

load in the case of girders with solid webs, and on about one and one-

half times the area of the truss, as seen in elevation, plus the area of the

floor and the live load. In order to make provision for the dynamic
effect of engines and trains on railway bridges, in place of using 30 lbs.

per square foot of train surface, it is quite common to use 10 per cent of

the vertical train load, combined with 30 lbs. per square foot on one and
one-half times the area of the trusses plus the floor system, as seen in

elevation, both considered as acting horizontally.

Bridge open.—A wind pressure of 30 lbs. per square foot corresponds

to a velocity of about 86.6 miles per hour. This is about enough to

overturn unloaded box cars. It is not likely that any attempt would
be made to operate a bascule bridge during such a violent wind storm;

hence, if the bracing is strong enough for this condition it will be ample.

As it would have been proportioned for 50 lbs. per square foot when
the span was closed and acting as a cantilever, the bracing so designed

would be of ample strength when the span is open.

The general stability of the entire structure should be investigated

for a pressure of 30 lbs. per square foot when the leaf is open. In some
cases it may be found necessary to increase the distance between the

trusses to provide stability. The investigation of the general stability

is important, particularly in the case of long, single-track, railway

bascule bridges, and should never be neglected.

8. Vertical-lift bridges.—The usual type of vertical-lift bridge is

arranged so that the entire span may be lifted vertically to clear traffic

in the navigable channel which it crosses. Ropes or chains are attached

to the four corners of the span, passed upward and over sheaves on the
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tops of the towers, and connected to counterweights, moving vertically

which balance the weight of the span.

Dead- and live-load stresses.—As the weight of the span is fully

counterweighted, the dead-load reactions are taken by the counterweight

ropes. When the span is closed the live-load reactions are the same as

for a simple span resting upon the piers, whenever the live load is

entirely between the trusses. On some bridges with wide roadways to

accommodate dense traffic, some of the roadways, or the sidewalks, or

both, are carried by cantilever brackets outside of the trusses. When
the brackets carry live load on only one side of the bridge, negative

reactions are caused at the ends of the truss on the side of the bridge

opposite the loaded cantilevers. As the weight of the span is fully

counterweighted, no dead weight is available to resist this uplift. The
only resistance to motion is that due to the friction of the counterweight

ropes, sheaves, and bearings, and the inertia of the structure. This

is only enough to provide for a small unbalanced live load, like that on a

narrow sidewalk. In the case of structures with wide sidewalks, or

roadways, outside of the main trusses, the designs must provide means
to resist the tendency to lift the truss on the side opposite the loads.

It is possible to latch down the four corners of the span by mechanic-

ally operated locks, but this results in additional mechanism, and there

would also be some danger that the locks might not always be driven

when the bridge was closed. It is simpler and safer to provide special

supports for the outer ends of the end brackets at the piers. The
design should be well considered and adequate provision made for

stability.

Bracing.—The lateral bracing of the span should be designed, when
closed and unloaded or closed and loaded, for the same lateral forces

that were given in Art. 7 for the same cases for bascule bridges.

The sway frames between the trusses should receive special attention.

As the whole span moves vertically between a system of longitudinal and
transverse guides on the towers, the moving span really becomes a part

of a large machine. Bracing that would be adequate for a fixed span

might not give sufficient stiffness. It must be strong enough to hold

the frame true and out of wind under all conditions. The wind pressure

may be applied in any direction, and the reactions at the corners of the

span will depend upon the arrangement of the guides on the tower poste.

Figure 8F illustrates one method of guiding a vertical-lift bridge

from the vertical legs of the towers. The span must not only be guided,

but provision must be made for expansion, and in such a manner that

there may be no danger of its becoming cramped against the guides in

case it does not always preserve an exactly horizontal position as it
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moves upward and downward. The guides must also resist the wind
pressures and the effects of vibrations in all directions.

At tower post A two wheels are provided, having small clearances

inside of the guides. They turn on trunnions securely anchored to

the framework of the lift span. At 5 a single wheel is placed so that it

can resist transverse forces, and at C another is adapted to take those

in a longitudinal direction. At D no guide wheels are used. Post A

Fig. 8F.

thus becomes an anchorage in both directions. At B transverse motion

is prevented but the span is free to expand or contract longitudinally.

At C longitudinal motion is prevented but the framework may expand

or contract transversely. At D the structure may freely expand or

contract in both directions. The actual condition at the corners must

be considered when finding the reactions due to wind forces, and pro-

vision made to resist them, both in the bracing of the span and in that

of the towers.



CHAPTER IX

ELASTIC DEFORMATIONS OF BEAMS, GIRDERS, AND TRUSSES

SECTION I

BEAMS AND GIRDERS

1. General.—The fundamental equation for the deflection of a

loaded beam, neglecting the small deflections due to shear, is

^Ahndx
A =

f- EI (1)

In this equation:

M is the bending moment at any section due to the given loads;

m is the bending moment at the same section due to a unit load

upon the beam at the point where deflection is required;

dx is a differential distance along the beam;

E is Young's modulus;

/ is the moment of inertia of the beam, and

A is the deflection.

The development of this equation may be found in any good modern

work on Mechanics.

2. Deflection of the end of a cantilever girder, of varying section,

with a single load at any point.—Let Fig. 9A be a cantilever girder, A B,

Unify P

Fig. 9A.

of length Z, free at A and fixed in position and direction at B. The

girder is assumed to have three cover plates at both top and bottom,

227
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their ends being at distances ai, ao, and as from the free end. The
moments of inertia of the four sections of the girder are Ii, 1 2, 13,

and I4. The single load, P, is here placed upon the first cover plate

at a distance Jd from the free end. It is required to find the deflection,

A, at the free end.

Assume the origin to be at and let x be any distance along the

girder from 0. Place a unit load at 0. From to kl the bending mo-

ment due to the load P is zero, and Eq. (1) becomes A = 0.

Consider the section from kl to a2. Here M = P{x — kl), m = x,

and I — I2; hence Eq. (1) becomes:

El2^2 = P ^ — klx)dx — P
Jkl

^ ["3 2~ "^ 1

kl 3

klx^'

2

or

kW
6

EI2A2 = =r[2a23 - Skla2- + k^P].

For section from 02 to 03,

or

Similarly,

EhAs = P I ix~ - klx)dx = P\ Y
_ n\(l^ — 0^2^ _ kljas" — 02^) 1
~

I S 2 J'

^/3A3 = ^[2(033 - 02^) - 3kl{a;'- - 022)]

E/4A4 = ~[2{ai^ - a-s") - 3kl{m~ - a-s^)]

and

^ P
^ = 61

2a2' Skla2^ + kH^
,

2(0,33 - a2^) - 3kl(as- - 02^)
+

+

h

]• (2)

If the load P is at the free end of the cantilever, k = 0, and Eq. (2)

becomes, by inserting the deflection from to ai.

^ P
^^3E

(l\^
I

02^ — Ol"^ ,
0-3^ — (12^

I

04^ — »3'3

Z ^ h~ ^ h ^ h (3)
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If the girder is assumed to have a uniform cross-section

h = I2 = h = h = I,

all values of a are equal to I, and Eq. (2) becomes

A = ^(2 - 3A- + /;3) (4)

If the load P is at the free end, k = 0, and Eq. (4) reduces to

PP
^ = 3Ei • (5)

This is the familiar expression for the deflection of the free end of a

cantilever beam, of uniform section, due to a single load at its free end.

When the load P is between and oi, the first two terms within the

brackets of Eq. (2) become

r2ai3 - Sklai^ + kH^
,

2(02^ - ai^) - 3kl(ao^ - 04^)
,

[ h
+

h + '*'•

When the load is on some section nearer the fixed end than as indicated

in Fig. 9A, as for example between a2 and as, all terms containing

/i and I2 disappear from the equations, for M = 0, hence A = 0,

for the part of the beam between and the load P.

Care must be taken to use all quantities in Eqs. (2), (3), (4), and (5)

in their true denominations when calculating actual deflections. P is

in pounds, E is in I-

—

-,—^, a and I are in inches and I in inches'*. A will
mches-

,, , . , „ pounds X inches^ . . ,

then be m terms of ^
, or m mches.

PQ^^^^s X inches^
mches-

The advantage of smaller numbers may be gained by taking the

values of a and I in feet. If the deflection A is required in inches, the

factors outside of the brackets will then become in Eq. (2), -^r in

^ .„. 288PP . ,-r. /r:M A 576P/3
Eq. (3), m Eq. (4), and Eq. (5) becomes A =

—pf--
3. Deflection of the end of a cantilever girder, of varying section,

with a partial uniform load.—Let Fig. 9B represent the girder. The
assumptions are the same as in Art. 2, except that a uniform load of w
per unit of length extends from the fixed end to within a distance U
from the free end. From to kl the bending moment, M, due to the

load of w per unit of length, is zero; hence Eq. (1) becomes A = 0.
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(x — kl)^
Consider the section from kl to a-z. Here M = w- ^r

—

—, m = x,

and / = I2, and Eq. (1) becomes

El2^2 = w
I

^ ^

—

^xdx = w \

x^ - 2klx + kH^'
xdx

Mx^

\a2^

^ - klx'' -\-^\lx

klx^ kH^x^
'

3 "^ 4

Ma^ F/%22 kH^

3 "^ 4 24 J'
or

w
EI2A2 = ^[3a2'* - 8kla2^ + 6A;2/2a22 - kH^

Unify

u X- ->

k--—-^/——

;
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\ . (6)

If the uniform load extends from the fixed to the free end of the canti-

lever, A; = 0, and Eq. (6) becomes, by inserting the deflection from
to ai,

A = J^r^ ^ 02^ - oi'^
,

^3^ - a2^
,

aA^ - az*
\

._.

8^L/l "^ /2
"^

/3
"^

/4 J* • • ^^

If the girder is assumed to have a uniform section, Ii = lo = I3 ^ I4 ^ I,

all values of a are equal to I, and Eq. (6) becomes,

A = 24^[3 - 8A; + 6F + A;^] (8)

If the uniform load extends over the whole length of a cantilever beam
of uniform section, Eqs. (7) and (8) both reduce to

^-m («)

If W be substituted for wl, Eq. (9) becomes

WP
^ = 8El (1°)

This is the ordinary expression for the deflection of the free end of a

cantilever beam, of uniform section, loaded by the total load W, uni-

formly distributed over the length of the beam.

When the uniform load ends between and ai, the first two terms

within the brackets in Eq. (6) become

w [Sai* - Sklai^ -\- QkH^ai^ - kH'^

24e[ 1

1

+
T2 +

^^^-J-

When the end of the load is on some section nearer the fixed end of

the beam than as shown in Fig. 9B, as for example between ao and 03,

all terms that contain 7i and I2 become zero.

If w is taken in pounds per linear foot and the distances a and / are

in feet, and the deflection is required in inches, the factors outside of the

brackets will become -^7-m Eq. (6), —^^— m Eq. (7), m Eq. (8)
Jii Hi Jill

A17 ra^u A 2592w^Z4 , ^ nn^ - ^ 2mWl^
and Eq. (9) becomes A = —^—, and Eq. (10) is A = —^—

.
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4. Deflection of the end of a cantilever girder, of varying section,

with a series of concentrated loads.—The deflection can be found by
applying the method of Art. 2 and finding the end deflection due to

each load separately. The total deflection will then be the sum of

the partial deflections so found. However, it is more convenient to

proceed in another way.

Let Fig. 9C represent a cantilever girder, AB, of length I, free at

A and fixed in position and direction at B. The loads Pi, P2 . . . P5

are at distances kil, kol . . . k^l from the free end where the moments
of inertia are Ii, I2 - • . Id- Let x be the distance of any point from

the free end. A closely approximate deflection may be found by dividing

the girder into any convenient number of parts and finding an average

value of / for each part, as indicated in Fig. 9C. For convenience the

l//7/fy P,

Fig. 9C.

points of division are here made to coincide with the positions of the

loads. Let the vertical shear in any segment of the girder be Sa.

(Between P2 and P3, Sa will equal Pi + P2.) Let Ma be the bending

moment at the left end of any segment of the girder. The bending

moment at any point within the segment will then become

M.= Ma-\- Sa{x - kal).

Eq. (1) may be written

EIA = CMyndx, (11)

hence,

ElaAa =
I [Ma + Sa{x - kal)]xdX.

Integrating and reducing.

A„ =
QEIa

UlaX^ + 2SuX^ - SSakalX' (12)
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A„ is the end deflection due to the bending moments in the girder

segment a. By substituting successively in Eq. (12) for each segment
if the girder and finding Aa for each, the total deflection, which is the

sum of these partial deflections, is found. When considering the seg-

ment between loads Pi and P2, it must be noted that the moment at

Pi is zero and the term involving 71f„ in Eq. (12) will become zero.

5. Deflection at the end of a cantilever turntable, by the analytical

method.—Figure 9D (a) represents one arm of a cantilever turntable

Fig. 9D.

100 ft. long, with a 375-ton Mallet locomotive in balanced position.

The maximum deflection occurs at the end of the arm loaded by the

tender. It is not necessary to find the deflection due to the dead load,

for the table always acts as a balanced cantilever for dead loads, and
the live load upon the table does not change the dead-load deflection;

moreover, such tables are adjusted in their pits when deflected by
their dead loads.
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The end deflection due to bending moments in the various segments

of the girder from to H may be found by successive applications of

Eq. (12) and summing the partial deflections.

The main girders are supported at H hy a, cross girder resting upon

the center, and a second girder, Hi, is located symmetrically with H
beyond the center, K. The bending moment from H to K is a maxi-

mum and constant in amount. The end deflection due to moments in

this segment of the girder is given by the expression

i^Ih^hk = I Mnmudx or ^hk = ^fy- I Mumndx. (13)
JCK I fK

Mnmudx or ^hk = ^fy- I

ttih = 1 X II, Si constant. Mh is also constant; hence,

Ahk = -j,-rMn^^ ^xj (14)EIH

In these expressions, H and K indicate distances from 0.

The turntable arm in Fig. (o) is made up as follows:

1 web plate \ in. thick, 90 in. deep for 17 ft. 6 in, from the center, and

48 in. deep at the end.

4 angles 8 X 8 X f in. full length, placed 90| in. back to back at the

center and 48| in. back to back at the end.

1 top cover plate 18 X fl in., full length.

1 bottom cover plate 18 X rl ^^- extending to within 9.1 ft. from the end.

1 top cover plate 18 X f in. extending to within 27 ft. from the end.

1 bottom cover plate 18 X f in. extending to within 30.5 ft. from the

end.

1 top and bottom cover plate 18 X f in. extending to within 37 ft. from

the end.

1 top and bottom plate 18 X f in. extending to within 43 ft. from the

the end.

Figure 9D (a) gives the principal dimensions and the position of the

loads. Further data are given in Tables 9A and 9B.

In order to find the average values of / for the calculations it is

convenient to plot the critical values of 7, given in Table 9A, to scale,

below the sketch of the girder as shown in Fig. 9D (6) . The averages

may then be found by careful scaling and simple calculations. One

example of the application of Eq. (12) will be given. Consider the

end deflection due to the bending moments in the segment of the girder

from wheel 12 to wheel 11. Here Ma = 936,000 ft.-lbs., Sa = 78,000
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lbs., kal = 22.6 ft., ^^.+1 = 28.6 ft., and h = 144,077 ins.* Substi-

tuting these values in the term within the brackets of Eq. (12), we have

GEIaAa = 3 X 936,000(28.62 - 22.62) + 2 X 78,000(28.6^ - 22.6^)

- 3 X 78,000 X 22.6(28.62 - 22.62) = 1,086,696,000.

TABLE 9A

Designation
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The end deflection for any number of segments of the girder may be

found in a similar manner and the partial deflections summed; but it

is more convenient to divide each value of the bracket of Eq. (12) by
the number representing the proper value of /« and then to sum the

quotients and finally multiply this sum by 12^ and divide by QE.

A summary of the calculation is given in Table 9C.

TABLE 9C

Segment
of

Girder
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Mr. Charles A. Ellis has expanded this method and applied it to

many special cases in his " Essentials in the Theory of Frame Struc-

tures."

The principles enunciated by Professor Greene and amplified by

Mr. Ellis are freely used in the discussion that follows.

In Fig. 9E let AB he a. portion of a beam bent by the action of any

system of loads. Draw AO and BO normal to the neutral axis and

Fig. 9E.

tangents AD and BC intersecting at C. The angle AOB = BCD = 0.

Let EFHG be an elemental segment of the beam of length ds along the

neutral axis. Draw FI and HI normal to the neutral axis intersecting

at /. The angle FIH = d0. Draw tangents QR and ST intercepting

TR = dt on the Hne BD. Let JKLN, in Fig. (b), represent the moment
diagram.

M M
The change of curvature at any point is ^tt ', hence defy = -^pfds, and

EI'

the total change of curvature from A to B is (^ = r-
Mds
Er

EI

For beams
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originally straight, or very nearly so, the coordinates may be chosen so

that X is measured along the beam, and as the deflections are relatively

small dx may be used in place of ds and

r^^dx
EI

For a homogeneous beam of uniform section, this becomes

= -^ j
Mdx (16)

In these expressions Mdx is the elementary area represented by

EiFiHiGi of Fig. (b) ; hence I Mdx is the area of the moment diagram

JKLN from A to B.

(j) is the total angular change due to the curvature of the beam from

A to B and is equal to the angle between the tangents at A and B.

In Fig. (a), dt — xd(p; hence t = I xd4>, or

f^ Mxdx ,^_

If the beam is homogeneous and of uniform section

t = ^ CMxdx (18)

The distance t = BD is the Tangent-devialioji at B.

The expression Mxdx is the moment of the elemental area, M,
of the moment diagram, (6), about an ordinate through B; hence the

n.n£expression I Mxdx is the moment of the area JKLN about the

ordinate through B and is the Area-7nomerit of JKLN about B. If P
is the oentroid of the moment diagram, the area-moment = PA;.

The expressions (15), (16), (17), and (18) state general relations

which may be applied to the solution of many problems concerning

the curvature and deflection of beams and will be found to simplify

the calculations greatly.

When applying these equations, care must be taken to express the

various quantities in their proper denominations.

M is in inch-pounds and E is in .—,—s. I is in inches'^ and should
mches*^

be calculated from gross sections, with no deduction for rivet holes.

'^ Mdx . . inches^ X pounds
is ini" £^ e^HBds X inches^'

inches^
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hence is a ratio.

and

£

J.

Mxdx is in inches^ X pounds, EI in inches- X pounds,

EI

hence is in inches.

^ Mxdx . . inches'^ X pounds
IS mE^ X inches*'

inches"

7. Deflection at the end of a cantilever turntable, by the area-

moment method.—Let Fig. 9F (a) represent one arm of a cantilever

turntable of the same proportions and with the same loads as for that

given in Art. 5. The values of / at critical sections are given in Table

9A. The values of M and the average values of / for the various

M
segments of the girder and the ratios -j- for the same segments are

shown in Table 9D. The values of M and 7 are drawn to scale in Fig.

M .

(h) and those of -^ m Fig. (c). E is assumed to be constant throughout

the girder.

TABLE 9D

Section
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The portion from to // is a simple cantilever; hence from to H,
Eq. (17) becomes

Mxdx
, _ 1 r"Mx
'^ = eX -I or to

E'
(area-moments)

Scale in Feet

Fig. 9F.

about the ordinate through 0. The end deflection due to bending

moments from // to H\ is shown to greatly exaggerated scale in Fig. 9G.

Hence
1 r"^MxdX

,
1 / , c TTTrrr S

f^j = — I —
J
— or tfiy = El (area-moment ot HKHi)
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about an ordinate through //i. From similar triangles,

HO
Iho = (hi X rjjT^ and the total end deflection is

Ao = ^o + Iho-

One example of the method of calculation will be given in full. As
in Art. 5, find the end deflection due to the bending moments in the

segment of the girder from wheel 12 to wheel 11. The area-moments
M .

of —j-, Fig. (c), are to be found about an ordinate through 0. Consider

first the area from B to C. It may be taken as a rectangle and a small

triangle, as indicated by the dotted line.

48.8'- *u /2-'*H-/2-'*',h;

Rectangle from B to C.

Area = 7.860 X 4.4 = 34.584.

Area-moment = 34.584 X 24.8

Small triangle from B to C.

Area = (8.715 - 7.860) X^
Area-moment = 1.881 X 25.53

Rectangle from C to 11.

Area = 7.568 X 1.6 = 12.109.

Area-moment = 12.109 X 27.8

Small triangle from C to 11.

1.881.

= 857.683

= 48.022

= 336.630

Area = (8.432

Area-moment = 0.316 X 28.067

Total area-moment from 5 to 11

7.568)|^ X^ = 0.316.

8.869

= 1,251,204

ti
= 1 C ¥lMxdx 1,251.204

^ X 1728 = 0.0746 in.
29,000,000

The analytical method of Art. 5 gave 0.0748 in.
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The difference is 0.0002 in., or 0.26 per cent, indicating the accuracy

of the area-moment method.

The end deflection may be found in a similar manner for all segments

of the girder and the results summed, but it is more convenient first to

M
calculate the area-moments of -y for each segment, sum these area-

moments, and finally divide the sum by E, taking care that the deflec-

tion is reduced to inches, unless all values have been taken in inch and

pound units.

A summary of the calculations is given in Table 9E. From this

table the end deflection due to bending moments from to // is

9,721.178 X 1728
to =

29,000,000

TABLE 9E

0.5792 in.
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The total deflection at O then is:

Ao = to + Iho = 0.5793 + 0.0388 = 0.6181 in.

8. Deflection at the end of a cantilever turntable, by the use of

deflection influence lines.—Professors Merriman and Jacoby have

given an application of influence lines to the calculation of the deflec-

tions of beams in " Roofs and Bridges," Part II, edition of 1917, which

results in a convenient method of finding the deflection of a beam
under any system of loads. It be-

comes a simple matter to compare
I

the deflections of a point in the beam a lb

for various systems of loads.

Maxwell's law of reciprocal deflec- P

tions establishes the fact that the deflec- L
^

tion of the point a of the beam in Fig.
'

9H (a), due to a load P at h, is the Unify

same as that at h in Fig. (6) for the I

{o^

(b)

(c)load P at a. If, then, the load at a,

in Fig. (c), is made one unit andade
flection diagram is constructed for the Fig. 9H.

beam, this diagram is a deflection in-

fluence line for a point at the end of the beam. The end deflection

due to any system of concentrated loads may then be found by scaling

the influence-line ordinates under the loads, multiplying each by the

amount of the load, and summing the partial end deflections so found.

Let Fig. 91 (a) represent one ann of a cantilever turntable girder

of the same proportions and with the same loads as given in Art. 5

Fig. (6) shows the critical values of 7 for various sections of the girder

drawn to scale. The values are taken from Table 9D. The girder 0//
may be divided into any convenient number of equal parts, as 10,

as shown in Figs. (6) and (c), and an average value of / found for each

segment of the girder. As OH = 48.8 ft., each segment is 4.88 ft.,

or 58.56 in. long. In a cantilever, m, in Eq. (1), becomes x for the

origin at the free end. If 8x be the length of a subdivision of the

girder, Eq. (1) may be written

Sx^rnaX

The summation may be made by constructing an equilibrium polygon,

treatmg the values of j- as loads. In Fig. (c) draw a moment diagram

for m at every point of the girder for load 1 at its end 0. As mbx is the
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area of any segment of the moment diagram, the loads y- must be

applied at the centers of gravity of the segment areas. The pole dis-

^1 ^
^1 cb

-—4.-6'-A--7'--Y-6'-^

Fig. 91.

tance, H, must be laid off to the same scale as the loads; hence it must

be expressed in the same units.

^jx = Hy,

in which y is the ordinate of the equilibrium polygon at the limit to

which the summation is to be made. As A is very small, the ordinates,
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y, should be magnified n times for convenient drafting and scaling, or

y = nA. Substituting in (19),

^Hn^, or //
E

bx-n

Introducing the numerical values from the example.

29,000,000 495,220H =
58 . 56 X n

If n is taken as 10,000, H = 49.52.

-r is expressed in !

—

-,—^ and H is in the same unit.
I mches"*

Table 9F gives the values of m, I, and y in units of the proper

denominations and reduced to values convenient for scaling.

TABLE 9F

Designation

of Ordinate
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Remembering Maxwell's law, place a load of unity at 0, find the end

deflection produced by the bending moments from H to K, due to the

load, and reduce this deflection to the scale of Fig. (d) and lay it off

upward from to O2 and draw O'zh. Ooh is the influence line for end

deflections due to the bending moments from H to K.

From Eq. (13), the general expression for end deflections due to

moments from // to K may be written

1 r^MumjiC

In this equation mn is a constant, for the only moments causing deflec-

tion are from // to K. I dx is a known distance, equal to HK, and

is also constant. Mh is the moment at // due to a load of 1 on the

girder at any point between and K, hence,

Ah.. =—^

—

Z^-hT ^^^^

This is a first-degree equation and may be represented by a straight

line, one point of which is at H, the point of no deflection. If a second

point is found, the line can be drawn. From Eq. (14)

H ^

JiilH H

Substitute numerical values in this and find Ahk^ for a load at 0.

^- = 2t^royo'x3^Mf9 X '^2« = 0.0000004777 in.

The scale of Fig. id) is in feet, and the deflection was multiplied by

10,000 in finding H. y. Table 9F, was multiplied by 1000. The end

deflection in inches is

But

hence.

_ 12 X OO2
"""' ~ 10,000 X 1000'

A„K, = 0.0000004777;

4 777
OO2 = ^T^ = 0.398 ft.

Lay off OO2 above the base line of Fig. (d) and draw O-zh. This is the

required influence line for deflections at due to moments from H to

K. The actual deflections at due to the loads shown in Fig. (a)



Art. 9] CANTILEVER. APPROXIMATE METHOD 247

may now be found by scaling the total ordinates under the respective

loads between the influence lines O^h and Oi 10, for

Va X 12 X
Aa

wheel load

1000

10,000

Table 9G gives a summary of the calculations.

TABLE 9G

Wheel
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In Fig. 9J let

- = length of one arm of the turntable, in feet;
Ji

a = length of a uniform load, in feet;

w = uniform load, in pounds per linear foot;

X = any distance from the end of the uniform load

;

E = modulus of elasticity;

I = moment of inertia of the maximum girder section, in inches*, and

A = required end deflection in inches.

h—--^--H

Fig. 9J.

Then

or

= J W^" ^ Jo EI

wlx- wax-"
—dx -\ j-dx 2^^^

1 /wa^ wla? _ wa'^\
^ Ei\^ "^ T2" 6 /

1

24^;/

t
24:EI

(3a4 + 2la^ - 4a*),

A = ^.-rr,j {2l — a).

(21)

But the moment at the fixed end, B, the center of the table, is

hence,

2
'

A = zTT^T^i^l — a).
i2Er

(22)
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This expression may be written

^ = irri^l - a), or K = Ma.

A/
{21 - a) . . (23)

When applied to a turntable loaded with a locomotive in balanced

position, the distance, a, for the maximum deflection at the end, will

be the distance from the center of gravity of the engine to the center of

the end tender axle, in practically all cases.

The end deflections of a series of tables were found, by more exact

methods, and the values of M, a, I, A, and / substituted in Eq. (23)

for each table and the corresponding values of K calculated. The
average value of K was about 139,000. Only relatively small variations

from this value occiu-red for tables from 55 to 100 ft. in length.

The approximate formula for end deflection then becomes

Ma{2l - a)
A =

139,000 /
(24)

In this formula the engine is assumed to be balanced; that is, its center

of gravity is at the center of the table, and its tender is full. The
value of M is the live-load moment, in foot-pounds, of the wheels at

the tender end of the engine about the center of gravity of the engine.

/ is the moment of inertia, in inches'*, of the maximum section at the

center of the main girders of the table. L and a are in feet.

Using data from a series of standard deck cantilever turntables, as

built by the American Bridge Company, in Eq. (24), the end deflections

shown in Table 9H were found.

TABLE 9H

Length
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that the results obtained ])y the graphical and approximate methods

agree very closely with those obtained by the analytical method.

TABLE 91

Method of Calculation

Analytical

Area-moments

Deflection influence lines. . .

Approximate

Article

End
Deflection,

Inches

Differences,

Inches

Differences,

Per Cent

0.6261

0.6181

. 6336

0.6200

0.0

-0.0080

+0.0075
-0.0061

0.0

-1.28

+ 1.20

-0.99

10. Vertical deflection at the center of a girder, with varying moment
of inertia, due to a concentrated load at any point.—Let Fig. 9K repre-

sent a plate girder with three cover plates

2 ,^ 2
:i

Fig. 9K.

Find the vertical deflection at the center due to a load, P, at any

point distant kl from the left support. From Eq. (1)

A =X
Mmdx.
El '

Substituting the values given in Fig. 9K,

2E

+

1 r*'p
(1 - k)x^dx + 2^ I

-|-(1 - k)x'^dx

2E
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'^2E -T-xi~dxi

+

QE

Pkl

4E
a^" — k~L- as" — ao" \2/

IV

1-2

Pk\bl b2^ - 6i3 63^ - 62^

'^QElh ^ h '^ h

+
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in the numerators within the brackets become simple numbers, and the

squares and cubes may be taken from tables giving the functions of

numbers.

If P is placed on the second cover plate, the expression for deflection

becomes

A = P(l - k)

+

+

+

6^

PU

Pk
6E

IV
2

^01"^ a-y^ —

77 "^ h
af

+
kH^

as — /c^r

/l
"^

1-2

+
^- as"

+

/4

6s3 - 62^

6s3
as^ - A;3Z3 2,

-ce
(29)

/4 /S /4

If the cover plates are placed symmetrically with respect to the

center of the girder, h\ = ai, 62 = a2, 63 = as, and

Pkl
+ 4E

+

as*

a2:3 - ai3 , kH^ - a2^

I2
+

+

is

— as"

(30)h ' h
If the moment of inertia is constant, Ii = I2 = I3 = Ia = I, and

the expression for A is the same as in Eq. (27).

When fc = I the value of A is the same as in Eq. (28).

11. Vertical deflection at the loaded point of a girder with varying

moment of inertia.—Let Fig. 9L represent a plate girder with three

cover plates.

P
'{Jnify

Fig. 9L.



Art. 11] GIRDER. CONCENTRATED LOAD 253

Find the vertical deflection at the point of appHcation of the load,

P, distant kl from the left support. Substituting values shown in

Fig. 9L in Eq. (1)

1 r°i p 1 r*' p
A = ~

j fa- hYxHx + I j ^(1 - kYxMx

1 p^PF 1 p3p^2

^ I -j-Q' - xydx + -^ I -^xx"dxi

1 p2PA;2 1 p3PA;2 1 r^pfc2

L/l ^2 J

+

+

+

+

ZE

PkH^
E

PkH

0,2 — kl as — a2 . \2
1 T r

— as

1-2 h U

+

E

Pk^

SE

02- - kH'' as^ - aa^ \2^

/2
"^

/3
"^

h

a-^ - kH^ az^ - 02^ b

as'

/s

- 03"^
, 3+^

, &2^ -_^ 4_
^3^ - ^2^

, V2,'

^''

'^
h ^ h

'^
h

IV

(31)

If the cover plates are placed symmetrically with respect to the center

of the girder, 6i = ai, 62 = ao, 63 = as, and

A = p(i - ky

SE Ih
ai^ k^P — ai^

I2

+
PkH^

E

PkH
E

a2 — kl as — a2 . \2
as

h

as^ - kH^ as^ - gg^ \2
as'

h h h
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for

dE

2('^)' - 2a33

3 202^ - m^ - ai3 2a3^

h

u (32;

If the moment of inertia is constant from end to end of the girder,

Ii = I2 = h = h = I, and
^'(l-'^)^

(33)A =
3EI

If now P is placed at the middle of the girder span, k ^ ^, and

A =
48EI

, as in Eq. (28). (34)

12. Vertical deflection at the center of a girder, with varying moment
of inertia, due to a partial uniform load.—Let Fig. 9M be a plate girder,

with three cover plates, carrying a uniform load of w per unit of length

extending from the right support to a point kl from the left support.

l/n/Yy

Find the vertical deflection at the middle of the span. Substituting

values shown in Fig. 9M in Eq. (1)

wl r°» (1 - k)^x^dx . wl nni - k^x^dx
A = p' (1 - k)H^dx wl_ p(l - A::

Jo h + ^eX, h

ju L ^
+ —^ AE

+

— kYx'^dx (x — kl)"xdx~\

~T2 72 J

w_ M ljl - kYxHx _ {x - kiy^xdx ']

w
'^lE

AFK l - kyx'dx'^dx {x — kl)"xdx
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+ —^ 4E

+
w
Te

w
'^4E

+

Jo V h /i J

p'^r/d - k'')xiHxx _ xxhixi]

Jh L /2 h \

'X 1-^3 /3 J

r2rZ(l — k^)xi"dx\ xi^dxil

^;Z(1 - k)Hai^ kH^ - a i3 g.^ - fe^^^

2£; [/i "^ /2 /2

+

+

V2E

dS^ — (1-2^

^3

Wl(l - F)

+
-as^

h

12E

IV

.
/l /2

"^
/3

"^
/4

-633

W
Toe

go" - A:->/^ 03^ - «2^ I2
as--

/•*

,
61^

,
62' - bl^ ^ 63^ - 62' ^ \2y

+
wkl

6E

wkH-

02^ - kH^ as^ - a2^ \2
T i T I

IV
as""

8^;

h

a2^ — A;^?^ as^ — 02^
, (r- a3^

/4
(35)

If the cover plates are placed symmetrically with respect to the

center of the girder and the uniform load extends from end to end of

the girder, 61 = ai, 62 = ^2, 63 = as, k = 0, and

A = wl

QE
a I
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If the moment of inertia is constant from end to end of the girder,

h = h = h = h = I, and

A =
384^V

(37)

This is the familiar vahie for the deflection at the middle of a beam,

of uniform section, due to a uniform load extending over its entire

length.

13. Horizontal deflection of the upper corner of a simple beam.—
When a beam is deflected in a vertical plane by any system of loads, its

neutral axis becomes convex downward and a tangent at its end makes

an angle with the horizontal. If the ends of the beam were vertical

before deflection, they will be inclined away from the vertical by the

angle (/> after deflection. Thus the upper corner of the beam, which

was originally vertically above the support, will be moved a distance

A in a horizontal direction by the deflection.

Assume a beam, of uniform section, to be deflected in a vertical

plane by a uniform load, the conditions being as represented in Fig. 9N.

fc">"^

Unify^

f./

^

3^"

iEuiper unW oflength -^-x,--}

/

I

0. >t:

.i--^

U5l

^' Unifyr
2l

Fig. 9N.

Assume the load of unity to be applied horizontally at the upper left

corner, and let A be the required horizontal movement, or deflection,

of the corner of the beam.

A =J^^Mmdx _ r2 Mmdx C.

EI -J„ EI +J„

^Mmdx C2Mmdx\
EI

w,
in which M = —{Ix — x^) for both halves of the beam.

m = -\- —-.xiotv the right half and ??i = — ^ a: + - for the left
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half of the beam; hence,

'^
4EI K^^-^

~ x-]dx:

or

If the girder was loaded by a single concentrated load, P, at its

center, the horizontal deflection of the same corner would be

Ph
4EII

,j^'x^~dx - -^ij^'xHx + ^jjydx,

or

PhP
^ = 32M (39)

The same expressions may be obtained by another method. The

expression | -^^ gives the total curvature of the beam throughout

its length. If the integration is made from to -, or from one end to

the middle of the beam, the integral will express the angle through

which a tangent to the neutral axis at the end passes, during deflection.

By inserting the value of M given above,

Now,

hence.

^^J.ilf^^_|_j3^^^_^,)^x =
24Er

^ = I^T (38a)48EI

Similarly, for a load, P, at the center of the beam,

^ AMdx P r\ . PI""

X EI 2ElX
^"^"^

As before, A = X ;^; hence

PhP
^ = ^Ei (39a)
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14. Deflection at the center of a deck-plate girder.—Let it be
required to find the vertical deflection at the center of a 70-ft. square

deck plate girder span under its dead load and a Cooper EGO engine.

The girders are 70 ft. long out to out, and G8 ft. center to center of end
supports, and are each of the following proportions:

1 web plate 80 X i^ in.

4 angles 6 X 6 X f in., placed 6 ft. 8| in. back to back.

1 top cover plate 14 X f in., extending the full length of the girder.

1 bottom cover plate 14 X f in., 55 ft. effective length.

1 top and bottom cover plate 14 X f in., 46 ft. effective length.

1 top and bottom cover plate 14 X f in., 32 ft. effective length.

The dead load is as follows:

Wooden deck and track 450 lbs. per linear foot.

Steel 1040 lbs. per linear foot.

Total 1490 lbs. per linear foot.

This is 745 lbs. per linear foot per girder.

Figure 9 (a) represents the girder with the live load upon it. The
calculated dead, live, and total bending moments at various points

along the girder are shown in Table 9J, Columns 2, 3 and 4. They are

also shown plotted to scale in Fig. (6). The calculated values of I at

the same sections are given in Column 5 and drawn to scale in Fig. (6)

.

M
Column 6 gives the values of -^, and these are shown to scale in Fig. (c).

As explained in Art. 6, the tangent-deviation under each end reaction

M
is then found by summing the area-moments of -j- from the end to the

center of the girder, taking the center of moments at the end support

for each half of the girder, and dividing these sums by E, remembering

to multiply the quotients by 12^ = 1728, since all distances along the

girder have been taken in feet and the tangent-deviation is required to

be in inches.

Table 9K gives a summation of the area-moment calculations for

each half of the girder. The tangent-deviation at Rl is

'' " Si) "^ '™ = °-^«2 '"

KiRR,

*« = 2fSoX 1^28 = 0.482 in.

At the center,

^ 0.483 + 0.482 „ .___ .

A = = 0.4825 m.
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Fig. 90.
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Suppose that the horizontal movement of the left end corners of the

girder, with reference to a vertical through the end of the neutral axis

at Rl, is required. The angle made by a tangent at the end of the

deflected neutral axis with a horizontal plane may be found from Eq.(15).

i'
Mdx

or 4) = dx -i- E.

X -r-dx IS the area of the -j- diagram from the center to the end of

the girder; hence,

«/>
= 409.4726

29,000,000
X 144 = 0.002033.

TABLE 9J

Girder

Section
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TABLE 9K



262 DEFORMATIONS OF TRUSSES [Chap. IX

The condition at the end is shown, greatly exaggerated, in Fig. 9P.
The horizontal movement of the top corner is

8t=- 0.002 X 42
At the bottom corner,

0.084 in.

8, = +0.002 X 41.25 = 0.0825 in.

Fig. 9P.

SECTION II

TRUSSES

15. Deflection of a truss.— (1) Deflection due to stress.—The deflec-

tion of a frame, or truss, in any direction at any point, may be found
from the equation

<?/

A = i:~ Xu (40)EA
In this expression,

S = the stress in any member;
I = the length of the member;
A = its sectional area;

E = Young's modulus;

u = the stress in the member due to a unit load at the point where,
and in the direction in which the deflection is required, and

2 indicates the summation of the partial deflections in the various
members that are subject to stress.
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c

4 = the unit stress in any member, and may be represented by P,
A.

and Eq. (40) may be written,

A = =^' (41)

PI
-pr is the change of length, X, of any stressed member, and \u is the deflec-

tion of the truss at the required point and in the direction of action of

the unit load, u, due to the change in the length of the member; hence

Eq. (41) may be written,

A = 2Xu (42)

This is in convenient form for use, for the change of length, X, may
be found for each stressed member of the truss and the values of ii

for all members can be found by any suitable method. In many cases

the most convenient method of finding the values of u is to construct a

Clerk-Maxwell graphical diagram for the truss when loaded, at the

point at which deflection is desired, by the unit load acting in the

direction of the required deflection.

Care must be taken to use the values of P and w with their proper

algebraic signs. It is convenient to use + for tension and — for com-

pression. The value of 8 for any member will be + when P and u

have the same sign and — when they are opposite.

(2) Deflection due to pin clearance.—When the effective length of

any member differs from its calculated length, owing to pin clearance or

errors in manufacture, the resulting deflections may be found from

Eq. (42) by substituting for X the actual variations in length of the

various members affected, noting that the variation from calculated

length is + for elongation and — for shortening. In pin-connected

trusses the pin measurements are commonly made between the sur-

faces of contact of the members and the pins, thus correcting for pin

clearances in the shop. In such cases the clearances do not affect

deflection.

(3) Deflection clue to temperature.—When members undergo relative

changes of length due to differences in temperature, the deflections are

modified.

Let

c = coefficient of expansion

;

t = change of temperature of any member, + for an increase and
— for a decrease; then

Xt = ctl, and the resulting deflection is,

8t = ctul for any member, and for all members affected

At = ^ctul (43)
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If t is the same for all members considered as subject to the temperature

changes,

At = cf^ul (44)

In swing-span design the usual assumptions are that the upper chords

and web members have a temperature 20° F. higher than the lower

chords; or that the upper chords have a temperature 20° F,, and the

web members 10° F., higher than the lower chords. The first condition

is more frequently used.

For steel, c is 0.0000067 per degree Fahrenheit.

(4) Deflection due to uplift.—In swing spans the ends of the arms

are usually lifted an arbitrary amount to make sure that there shall be

no lifting of an end from its support due to the action of a partial live

load upon the continuous truss forming the span.

The deflection, A^^, due to an uplift F at the end of the truss, is

. PpUl

EAf X- (45)

Here Pf is the unit stress in any member due to the uplift F.

16. Deflections of one arm of a swing span.—The outline of one arm
of a double-track, electric railway and highway swing span, with three

elevated railway tracks on an upper deck, is shown in Fig. 9 Q. The
trusses are 265 ft. 6 in. long from center to center of end bearings.

Uft 2.25S

For Stresses
Tension is +

Compression is -

For Distortion

Elongaiion is +

Siiorfening is -

U,

-265-6"c/oc. End Bearings

-

Fig. 9Q.

(1) Deflection due to dead load.—The vertical end deflection, Alo,

under dead load only, will be found first. It is convenient to determine
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the values of u, in Eq. (41), graphically. Place a 1-lb. load, acting

vertically downward, at Lq. Consider one arm only and assume point

L 6 to be fixed in vertical position. The horizontal reactions at Lg and

C/c, due to the 1-lb. load at Lq, are

Rh = IX 130.75

58.5
2.2351b.

Beginning at Lq with the 1-lb. vertical load acting downward, the

values of u are shown in Fig. 9R. The values of Rh by scale are found

to be ± 2.24 lbs., checking the diagram very closely.

Graphical Deferminafion ofU

Fig. 9R.

In Table 9L the values of u are shown in column 2, having been

scaled from Fig. 9R, Only one arm of the span is considered. The
chord members, Uq — Uq and Lq — Lq, in the center panel, are

taken for only one-half of their length. When this panel is omitted

and only a single center post is used in a truss, for deflection calcula-

tions, this post should be considered as divided by a vertical plane

through its axis, and only one-half of the stress and area used in the

calculations for one arm.

The values of ul, in column 5, add up to zero, as they should, since

Lq, the joint at which the 1-lb. load is applied, is at the sam? original

level as Lq, the joint at which the truss is supported.

The dead-load stresses, column 6, and the gross sectional areas of

the members, column 7, are obtained from the stress sheet.

Since E, in Eq. (41), is the same for all members, the values of

Pill, column 10, may be added first and their sum then divided by E.
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From the table, ZPul = + G5,G50,000; hence,

A _ v^^'^ _ 65.650,000 _ ., ^. .

^''~ ^ E "29;000,000~^-^^"'-

(2) Deflection due to pin clearance.—The change in length due to pin

clearance, column 11, is obtained as follows: The pin holes are -^ ^^•

larger than the pins, and each pin can therefore move ^ in. from the

center of the pin hole. Members U5 — M5 and Ug — Lq and the

half member Ue — Ug have a pin at one end only; therefore their

change in length is ^ in. Member U5 — Ug has a pin at each end

and the change in length is ^ in. At U4, all of the members are

riveted together, except i[/4 — U5, which is connected to the gusset

plates by the pin. U4 — U5, therefore, has ^ in. pin play at each

end and an additional -^ in. due to the clearance of the pin in the

gusset at U4, making a total of ^ in. These changes in length have

the same sign as the dead-load stresses.

The effect of the pin clearances is found by summing the values of

uXp in column 12, and is

Ap = 0.249 in.

The sum A^ + Ap = 2.26 + 0.249 = 2.509 in.

(3) Deflection due to temperature.—The quantities 'Lid are given

separately in column 5 for the upper and lower chords and the web
members, so that the deflection due to a change in temperature of any
of these groups may be found from Eq. (44).

Case I.—Assume that the temperature of the upper chords and web
members is 20° higher than that of the lower chords.

c = 0.0000067, t = 20. From column 5, Lul = 2836 + 177 = 3013

and

At = ct^ul = 0.0000067 X 20 X 3013 = 0.404 in.

Case II.—Assume that the temperature of the upper chords is 20°,

and that of the web members 10°, higher than that of the lower chords.

For the chords A re = 0.0000067 X 20 X 2836 = 0.380 in.

For the webs Am- = 0.0000067 X 10 X 177 = 0.012 in.

Hence, At = 0.392 in.

(4) Deflection due to uplift.—The stresses, W, due to an uplift of

76,500 lbs. at Lo are found by multiplying the coefficients, u, by 76,500

for each member. As F acts upward while the unit load acts downward,

W and u will have opposite signs. The products, Piul, will then be
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negative, indicating that the deflection, Ap-, is upward. From the table,

^Piul = 24,090,000, hence

A^ = — S
Piul

E
24,690,000

29,000,000
= - 0.85 in.

L^^.
^ o—

'

Us

Fig. 9S.

(5) WilUot diagrams.—When it is desired to find the movements of
all joints, due to any condition of stress, this is done by means of the
well-known Williot diagrams. In Table 9L, column 9, is given the
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PI
change in length, \ = -rr, for each member when subject to dead-load

stress only.

Fig. 9S (h) gives the diagram for the dead load combined with the

pin-clearance deflections. The analytical calculations gave A^, + Ap =
2.509 in., while Fig. (6) shows 2.503 in. from scaling.

P I

Table 9L, Column 15, gives Xi = -^ for each member, due to an

uplift of 76,500 lb. The Williot diagram is shown in Fig. 9S(c). In

this case Af = 0.85 in. by calculation and 0.845 in. by scaling.

The graphical method is thus seen to be very accurate when the

work is carefully done.

17. Deflection of frames containing members subjected to bending

moments.—The deflection of a member subjected to bending moments,
from Eq. (1), is

P Mmdx

The deflection due to direct stress in a member, from Eq. (40), is

SI
As = ^u.

The total deflection due to bending moments and direct stress in the

various members of the frame then is

A = A. + A.= SJ-^-+2^.. . . (46)

r-<
t Ir

A, I,

A, I,

Z;-

FiG. 9T.

R=P

Let Fig. 9T represent a frame, ABCD, loaded at D by P and sup-

ported at ^ by a reaction R = P. AB and CD have a length ^i, an
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area Ai, and a moment of inertia 7i. BC has a length h, an area Ao,

and a moment of inertia 1 2. AB and CD act as beams, while BC is

both a beam and a strut. Assume origins at A and C For beams

AB and CZ), M ^ Px and m = a:, hence

A, =

For BC as a beam M = Ph, and m = Zi; hence,

p Mmdx ^ Plr p
Jo EI - EUXA2 =

I
^^^^-^^^ =^ I

dx =
^^f^'

For 5C as a strut S ^ P and it = 1 ; hence,

5Z PZ2

The total deflection is

A = A. + .. + A3^2W+«^. + ^^. . . (4,)

E'rcampZc—Assume AB and CD to be each 25 ft. long and to consist

of 1 web 30 by I in., 4 angles 6 by 4 by f in., spaced 30| in. back to

back, with 6-in. legs outstanding. Ai = 25.69 sq. in. h = 3767 in.4

Assume BC to be 15 ft. long and to consist of 1 web 40 by f in., 4 angles

6 by 4 by f in., spaced 40^ in. back to back, with 6-in. legs outstanding.

Ao = 29Ai sq. in. h = 7332 in.^ Let P = P = 8000 lbs.

Substituting these values in Eq. (47) and taking E = 29,000,000,

2 X 8000 X 3003 8000 XSOO^ X ISO

3 X 29,000,000 X 3767
"^

29,000,000 X 7332

8000 X 180

"^29,000,000X29.44
or

A = 2 X 0.659 + 0.609 + 0.002 = 1.929 in.



CHAPTER X

DETAILS OF DESIGN

1. Center-bearing swing spans.—The advantages of center-bearing

swing bridges have been stated in Chapter III, Art. 2. Examples, with

illustrations, were also given. These represent the simplest and best

general arrangements and the most direct methods of delivering the

weights of the bridge and its live load to the center pivot. It has been

found best to use one or more simple, transverse plate girders, riveted to

the main trusses at the center and resting upon the top of the center

pivot, with provision for vertical adjustment by means of shims between

the bottom of the girders and the top of the pivot. This construction

has proved satisfactory in all cases and should be used whenever it is

feasible. In order to make the bridge as satisfactory as possible in

service, several vital details should be considered.

The bridge must be balanced on the center pier, when turning.

Four trailing, or balance, wheels should be used on light spans, and six

or more on long and heavy spans which present large areas to wind

pressure. These balance wheels should be arranged as indicated in

Fig. lOA.

Axis

Light Very Heavy

The trusses should be cambered, so that when the ends are lifted

the conditions assumed in the calculation of the stresses in the trusses

will be closely approximated.

The center must be set level and securely anchored to the pier.

The circular rack on the center pier must be accurately set and

thoroughly anchored against the tangential rack force. When this is

done, radial struts joining the rack and the center casting are not needed.

271
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The main pinion shaft bearings and supports must be well designed

and rigidly attached to the superstructure.

When bevel gears are used in the operating mechanism, the shafts

to which they are keyed should turn in union bearings, so that they

are held in permanent alignment and the gears in proper mesh.

The end-lifting apparatus must be of ample capacity and of simple

construction with adequate provisions for adjustment.

The end latches must be of sufficient strength, and adjustable for

proper operating conditions. Their catches must be securely anchored

to the rest piers.

The rail joints at the ends of the draw span should be simple and

effective, holding the rails to proper line and level, when the bridge is

closed. Their operating mechanism should be simple and positive in

operation.

The operating, or control, mechanism of the bridge should be

adequately housed, and the arrangement within the house should be

convenient for operation and maintenance. The operator should have

an unobstructed view of the ends of the bridge at the floor level and also

of the navigable channel near the bridge.

Other important details will appear as the subject is developed.

2. End lifts and camber.—Article 7, of Chapter VII, directs atten-

tion to the fact that when the live load covers only one arm of a swing

bridge it causes a negative reaction at the end of the unloaded ann.

If the end of the bridge simply touched the pier pedestals, this negative

reaction would cause the end of the span to rise from its supports. In

order to prevent this, as soon as the span is swung into closed position,

the ends are lifted by wedges, of other mechanism, so as to cause a

positive reaction between the bridge and its pedestals. The effect of

the negative reaction from the live load is then to decrease the positive

reaction; and if the latter is equal to, or greater than, the former,

the end of the span will not rise from its supports.

Positive end-lift reaction.—The main girders, or trusses, are designed

for a positive end reaction, R, equal to 1 .5 times the maximum live-load

negative reaction, without impact. This positive reaction is shown on

the stress sheet. The end-lift operating mechanism must be designed

for this reaction and also for the resistances due to operating the bridge

latch and the rail lifts, or locks. In some cases the end-lifting mechan-

ism is driven by the same engine, or motor, that turns the span, and its

capacity is greater than is required to lift the ends. The resistance is,

however, a definite amount due to the stiffness of the structure, and, with

properly designed end lifts, the motors cannot exert their full torque and

must be operated with less than the normal steam, gas, or electric current.
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Normal uplift.—The end-lifting machinery should be adjusted so

that at normal temperatures a positive reaction, or uplift, Fi, will be

produced, which should equal about 110 per cent of the maximum
negative reaction from live loads for single-track bridges, and the

negative reaction from live load for double-track bridges.

Camber.—When the bridge is swinging, the ends will deflect under

the dead-load stresses and, if there are any pin-connected joints, also

because of the pin clearances. The end-lifting apparatus will Kemove

a part of this deflection and the bridge must be cambered to remove the

remainder, so that when the ends are raised they will be in their theoret-

ical positions. The camber, C, is given by the formula

:

C = Ad + ^p- Afi, (1)

in which Ad = deflection from the dead-load stresses;

Ap = deflection from pin clearances;

Afi = upward deflection from the uplift.

Figure lOB indicates the elements that must be considered when deter-

mining the required camber.

Deflection from D.L & Pin Play

a = Posifion as blockedup for erection

b = Posifion when bridge is swinging
c = Posifion with bridge closedancl

-^ bj,/__ -" ' ends lifted.

'--Uplift for Normal Temperature

Fig. lOB.

E^ed of unequal temperatures.—Since the upper chords and the web

members are more exposed to the rays of the sun than the lower chords,

they frequently have a higher temperature. This results in a downward

deflection of the ends when the bridge is swinging, and in an increased

positive reaction when the bridge is closed. In order to provide for

this condition, the end lifts are designed to exert the increased uplift, F,

equal to 1.5 times the maximum live-load reaction, and to raise the

ends through a distance equal to their deflection under this uplift, F.

Swinging clearance.—When the ends of the bridge are lowered, the

mechanism must be arranged to provide additional motion at the end

of the stroke to allow the necessary clearance for swinging the span

clear of its supports. This should be such that if the bridge tilts, so

that one end is lowered and the other raised, the balance wheels at the

center pier will come to a bearing while there is still clearance at the

ends over the pier pedestals.
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Let L = the length of one arm of the span;

B = the distance from the center of the span to the balance

wheel nearest the end, measured in a direction parallel

to the trusses;

K = the clearance between the balance wheels and the track

when the bridge is closed and level.

When the ends are deflected downward, owing to the higher tempera-

tures of the top chord and the web members, the clearance at the ends

should never be less than K^ + - in. The clearance should be some-
n 4

what greater for long spans. For proper adjustment, the clearance, K,

should never exceed y& in.

Method of canibering a truss.—The camber is usually provided by

shortening the upper chord members in the panels at the center of the

span. The necessary shortening is found from Eq. (42), Art. 15, of

Chapter IX, by letting A equal the camber, C, considering only the

center panel members, and solving for X, or,

^—u (2)

Application.—Consider now the bridge for which the deflections

were calculated in Art. 15, of Chapter IX. As it is a double-track

structure, the end-lifting mechanism will be adjusted to produce, at

normal temperatures, an uplift, Fi equal to the maximum live-load

negative reaction, or 51,000 lbs. The deflection corresponding to the

stress sheet reaction of 76,500 lbs. was found to be 0.85 in. The deflec-

tion due to an uplift of 51,000 lbs. then is

0.85 X 51,000 ^ 76,500 = 0.57 in.

The camber is found from Eq. (1),

C = 2.26 in. + 0.249 in. - 0.57 in. = 1.939 in.

One-half of this will be provided by shortening C/4 — U5, and one-half

by shortening C/5 — t/6. From Eq. (2) the shortening of U4 — U5

will be
i X 1.939 ^ 2.418 = 0.401 in., or if in.

For 175 - m it will be

i X 1.939 -r- 2.504 = 0.388 in., or f in.

The signifiicance of these results is indicated in Fig. IOC.
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Camber calculations should be made for every swing span, and
definite instructions should be given to the erector as to the method of

providing for the camber. In ordinary falsework erection this is readily

arranged by setting the blocking under the bottom chord to the exact

height required at each panel point.

Care must be taken not to swing the bridge until it has been fully

connected and riveted. Whenever, for any reason, it becomes necessary

to swing the bridge before the joints are riveted, great care must be

taken or the camber will be lost in the operation. In such a case the

joints should be thoroughly connected by traffic pins driven in the

rivet holes. Their middle diameter should be the same as that of the

holes. Enough ordinary bolts should also be used to hold the parts

tightly together,

a

"^Tt—^"^

—

~f-~--L^SL'-^i\ / ^)L
I

<^ = Posifion as blockedup for erecfion
d^ ! / c \/lhjmnm '^~^^*^^^^j^ ^ ~ Position when bridge is swinging
'^^'j^ y \^\7' ^ c = Posifion with bridge closedand

ends lifled bya force of51000lbs.

Fig. IOC.

When the conditions are such that it is known, in advance of erection,

that the span must be swung before it is finished, it would be wise to

set the camber blocking higher than its theoretical position. If some

of the camber is then lost, there may still be enough for adjusting the

end lift to good working condition. For such cases it is suggested that

the ends of the trusses should be adjusted above their theoretical

unstressed positions as follows:

Spans up to 150 ft. between end bearings, \ in.

Spans from 200 to 300 ft. between end bearings, \ in.

Spans from 300 to 400 ft. between end bearings, f in.

Spans from 400 to 500 ft. between end bearings, 1 in.

3. Theory of wedge end lifts.—Experience with several types of

end lifts has shown that wedges are the simplest and most satisfactory.

When the bridge is closed the loads are carried to the pier pedestals by

the simplest of flat, solid bearings. When the wedge-operating mechan-

ism is properly designed the wedges are locked in closed position by

the toggle-joint action of the linkage, and the mechanical parts are

practically without stress.
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The general arrangement of wedge end lifts with respect to the piers

and superstructure is illustrated in Chapter III. Reference should be

made to Figs. 3B, 3D, 3F, 3K, and 3L.

The design of end wedges and their operating mechanism is a good

illustration of the general type of the problems involved in the detailed

design of draw bridges. The theory of one type of such mechanism will

be given, and in the next article an actual example will be worked out.

Worm
Wheel-

Longifudinal

%Eo Shafts

\ '^

Fig. lOD.

Figure lOD shows the usual arrangement of an end wedge and

toggle. The bell-crank lever, Li, mounted on shaft C, is driven by the

connecting rod, Ci^o, articulated to lever L2, which is mounted on the

worm-wheel shaft, G. Lever L\ communicates its motion to the wedge

through the connecting rod, CR\. When the bridge is swinging, the

mechanism occupies the position AqBoCDqEoG, as shown by the dotted

outlines. The position when the wedges are fully driven is AqBqCDqEqG.
The points Aq, Bq, and C should be in a straight line, first, because in

that position the toggle is most efficient, and second, since any further

motion of Li will withdraw the wedge, thus preventing an over-drive.

When driving the wedge there is no resistance, except the friction

of the machinery, until it reaches the point Ai, where it begins to bear

on the lower wedge seat. The stress in CRi then increases continually,

from zero at A i to a maximum when the wedge reaches Aq.

Refer to Fig lOE and

Let F = reaction required at the end of the uplift;

Af = uplift in inches;
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L = effective wedge stroke;

6 = wedge angle;

/ = coefficient of friction, here taken as 0.15 on each of the two
faces of the wedge

;

a = angle of friction for the wedge = tan-^ /;
Re = direction of the resultant load on the bearing, C;
W = pitch line of the worm.
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Forces acting on the wedge.—Three forces act on the wedge while it is

being driven. These are shown in Fig. (a) and are : first, the force in the

connecting rod, CRi ; second, the reaction of the lower pedestal, acting

at an angle a with the normal to the bottom of the wedge; and third,

the pressure of the upper wedge seat, acting at an angle a with the

normal to the upper face of the wedge. Note that the last two forces

are inclined away from the normals to the wedge faces in a direction

to offer further resistance to the driving of the wedge. The vertical

component of the force acting on the bottom of the fully driven wedge

is equal to F, the reaction required at the end of the uplift.

Stress diagram.—In Fig. (c) lay off on a vertical line the distance

ai II, equal to F. Through the point ai draw a line parallel to the fcce

acting on the bottom face of the wedge. This line intersects a hori-

zontal line through H at the point ao. Through ai draw a line parallel

to the force acting on the upper face of the wedge, and through oo

draw another parallel to CRi of Fig. (a). These two lines intersect at

fee- Then ai H is the required reaction F, aiae is the force acting on

the bottom of the wedge, aibe is the force acting on the top of the wedge,

and aofeo is the force required in the connecting rod, CRi.

In Fig. (b) the effective stroke of the wedge is divided into five

equal parts, and the points Ai, A2, A3, A4, A 5, and Aq indicate the

successive positions of the wedge pin as the wedge is being driven.

Points B, D, and E—followed by numerical subscripts—indicate

corresponding positions of the other moving points of the mech-

anism.

In Fig. (c) divide GiOq into five equal parts, thus locating points

a2, as, a4, and 05. In position 4 the force acting on the bottom of the

wedge is aia4. The line 0464, drawn parallel to A4B4, is the stress in

the connecting rod. Produce A4B4 to intersect D4E4 at M4. Assume

the diameter of shaft C, and draw a friction circle at C with its radius

equal to the radius of the shaft multiplied by the coefficient of friction,

assumed as 0.10. Through M4 draw Rc4 tangent to the friction circle

at C. Through a4 in Fig. (c) draw rc4, parallel to Rc4, in Fig. (6), and

through 64 draw ^4^4 parallel to D4E4. Then ^464 is the stress in CR2.

Assume the diameter of the worm-wheel shaft, G, and calculate the

offset distance t, which is equal to the radius of G multiplied by the

coefficient of friction, here assumed as 0.10. Draw the line K parallel

to D4£'4 at a distance t further away from the worm-wheel shaft, and

the line Wi parallel to W, and at a distance nearer to the worm-wheel

shaft. The line K intersects Tfi at the point A''4. Draw the line

N4G. In Fig. (c) draw rG4 parallel to GN4, and W4 parallel to W\.

The line 104 gives the tooth load on the worm wheel for driving one
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wedge. For two wedges, one on each side of the bridge, the tooth load

will be twice as much.

In a similar manner, worm-wheel tooth loads for other positions of

the wedge may be found.

4. Example.—The stress diagram in Fig. lOE (c) was drawn for the

same bridge that served as the example of the method of calculating

the deflection of a truss, in Chapter IX, Art. 15, and of camber in Art. 2

of this chapter. The required uplift reaction was found to be 76,500

lbs. and the corresponding vertical uplift was 0.85 in. An outline of

the method of designing the various parts of the end-lifting apparatus

will now be given.

Wedge stroke.—The wedge angle, 6, is assumed to correspond to a

slope of 1 in 6. In order to lift the end of the bridge 0.85 in. the wedge

must move 0.85 X 6 = 5.10 in., which is the effective stroke.

The distance from the center of the span to the balance wheel

nearest the end is 18 ft. in. The length of one arm of the bridge is

132 ft. 9 in., and the clearance between the balance wheels and the

track is taken as ys i^^- The minimum swinging clearance at the

wedges will then be

jL X 132.75 , 1

18 +4 = 0.71 in.

The temperature deflection is 0.40 in. and Ap is 0.85 in. The total

vertical motion must then be 0.71 + 0.40 + 0.85 = 1.96 in., or, say,

2.00 in. The full stroke of the wedge then is 2.00 X 6 = 12 in. Laying

off this distance on the diagram in Fig. lOE (b) will locate the point Aq,

from which the position of the mechanism AqBqCDqEqG at the beginning

of the stroke can be determined.

Wedge and wedge pedestals.—The reaction on the wedge is 76,500 lbs.

If an allowable bearing pressure of 1500 lbs. per square inch be assumed,

the bearing area required between the wedge and its upper and

lower pedestals is 76,500 -r- 1500 = 51 sq. in. When the bridge is

closed and its ends are lifted, the end reaction from live load may be as

much as 440,000 lbs., and an impact of, say, 110,000 lbs., a total of

550,000 lbs. This, added to the uphft of 76,500 lbs., produces a total

vertical reaction of 626,500 lbs. If the contact unit stress is limited to

16,000 lbs. per square inch, which is the maximum permitted in com-

pression of the wedges and pedestals, the contact area required between

the wedge and its seats becomes 626,500 4- 16,000 = 39.15 sq. in.

The contact area required during motion is the larger, and the wedge

and its pedestals must be designed to provide at least 51 sq. in.

Connecting rod CR\.—The maximum compressive stress in the con-
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necting rod CRi is represented by the line aaha in Fig. (c), and is 35,600

lbs. The rod and its end connections should be designed for this stress.

Bell crank L\.—The stress in the connecting rod CRi, acting upon

the crank L\ at B^, can be resolved into two components, one normal

and one tangent to the arc BoB^^Bq. The normal component causes a

direct compression in the arm B^C. The tangential component pro-

duces a bending moment in B^C.

In Fig. (c) a4&4 is the stress in the connecting rod CRi. The dotted

line a4p4, drawn normal to the direction of B4C, of Fig. (6), is the

tangential component of 0464. The dotted line p4&4, drawn parallel to

B4C, is the normal component of a464. In a similar manner the normal

and tangential components are found for the other positions of the

mechanism. Position 4 gives the largest tangential component, which

is 11,000 lbs. The greatest bending moment on the arm B\C is

11,000 X 18 = 198,000 in.-lbs. at C. The arm B^C should be designed

for a bending moment at C of 198,000 in.-lbs., combined with a com-

pression of 17,800 lbs., the normal component of a464.

In a similar manner the arm CD4 is found to be subject to a bending

moment slightly larger than B4C, but the direct stress is small and the

section detennined for B^C will also serve for CD^ in this case. The

bending moment and the direct stress should always be found in CD4,

for in some cases the combination might require CD\ to be stronger

than B4C.

Shaft C.—The maximum resultant force acting on shaft C occurs

when the wedge is fully driven and is equal to the stress in the connecting

rod CRi. In Fig. (c) this resultant is given by the line aoba and is 35,600

lbs. This force is the basis of the design of the shaft and its bearings.

The shaft forms a pivotal support for the bell crank Li and is subjected

to bending and frictional stresses only.

Connecting rod CR2.—The maximum tensile stress in the rod CR-z

is given by the line ^464, in Fig. (c), and is 7550 lbs. The rod and its

connections must be designed for this stress, but must also be pro-

portioned to withstand a direct compression of a small amount which

occurs when the wedge is being withdrawn.

Lever Lo-—The stress in the connecting rod CR2, acting upon the lever

L2 at E4, can be resolved into two components, one tangent and one

normal to the arc EqE^Eq. The tangential component causes a bending

moment and the normal a compression in Lo. In Fig. {c) e^ch is the

stress in the rod CRo- The dotted line s^d^, drawn normal to E^G,

is the tangential component of e^d^. The dotted line 64^4, drawn

parallel to E4G, is the normal component of 64^4. In a similar manner

the tangential and normal components may be found for the other
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positions of the mechanism. Position 4 gives the greatest tangential

component, which is 6900 lbs. The maximum bending moment on

the lever is 6900 X 18 = 124,000 in.-lbs. Lever Lo should be designed

for a bending moment at G of 124,000 in.-lbs., combined with a com-

pressive stress of 3000 lbs., which is the normal component of 64^4.

Worm wheel.—The stress diagrams drawn for positions 3, 4, and 5

give tooth loads on the worm wheel of Wz = 8600, w'4 = 10,300, and

W5 = 9200 lbs., respectively. Position 4 is the maximum and is 10,300

lbs. for one wedge, or 20,600 for two. The worm wheel may be designed

as a gear with 15° involute teeth, the tooth load being 20,600 lbs.,

assumed to be taken by a single tooth.

Center of Truss and Wedge

F EH

Fig. lOF.

A sketch of the general arrangement of the transverse worm-wheel

shaft is shown in Fig. lOF. This shaft G usually extends transversely

across the bridge and carries a lever, L2, at each end. A worai wheel is

keyed to it midway between the two levers, so that one wonii wheel

actuates both end wedges. The shaft is subjected to both torsional

and bending moments. The torsional moment is one-half of the

worm-wheel tooth load times the radius of the pitch circle, in this

case T = 10,300 X 12 ^^ = 128,100 in.-lbs. The bearings on each side

of the worm wheel carry a load of 10,300 lbs. and these loads cause bend-

ing moments in the shaft in a horizontal plane. In this example it is

M = 10,300 X 6^ = 66,950 in.-lbs. The theory of the design of

shafts will be developed in Volume II. Graphical charts will be given

which will show the diameters of steel shafts required for combinations

of torsional and bending moments. If the proper chart is entered

for a torsional moment of 128,100 in.-lbs., and a bending moment of

66,950 in.-lbs., it will be found that the diameter of the shaft must be

4J in. The worm wheel is keyed to the shaft at the point of maximum
stress, hence must be increased in size to allow for the weakening due

to the key seat. The final diameter will be 4^ X 1.06 = 4f in.

Similarly, at lever L2, T = 10,300 X 12^^ = 128,000 in.-lbs.
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The resultant load on the bearings, adjacent to L2, acts parallel to

CR2, and is 7550 lbs. This lever is midway between the two adjacent

bearings; hence, ilf = | X 7550 X 8 = 30,200 in.-lbs. For a comVjina-

tion of these moments a 4|-in. shaft is indicated. Here again, a key

seat must be cut to secure lever L2, and the diameter of the shaft

becomes 4| X 1.06, or 4f in. The entire shaft should then be made

4f in. in diameter.

Note that the jaw coupling near Lo prevents the shaft from acting

as a continuous girder for bending moments.

Worm and worm shaft.—The circumference of the worm at the

pitch diameter is 8 X tt = 25.13 in. and the lead is 3j in. A tangential

force at the pitch circle of the worm will then move 25.13 in. while

advancing the tooth load of the worm wheel through 3j in. Equating

the work done by these forces, we find that the tangential force is

20,600 X 3.25 -\- 25.12 = 2660 lbs., and the torsional moment in the

shaft would be 2660 X 4 = 10,640 in.-lbs., if the worm were 100 per

cent efficient. The efficiency of the worm is given by the formula

T

E =
L + 2fwW

in which L is the lead, R the pitch radius of the worm, and / is the

coefficient of friction, taken here as 0.10 for cut worms and wheels;

then

^ " 3.25 + 2 XO.IO X xX4 " ^^^'^•

The torsional moment on the worm shaft is 10,640 -^ 0. 564 = 18,860 in.-

lbs. To this must be added the collar friction. The thrust collar,

against which the worm bears, has an average radius of 2| in. The

friction is 20,600 X 0.10 = 2060 lbs., and its moment is 2060 X 21

= 5150 in.-lbs. The total torsional moment on the worm shaft from

driving the wedges then is 18,860 + 5150 = 24,010 in.-lbs.

A bending moment is also caused by the tendency of the worm to

slide away from the worm-wheel teeth, due to the obliquity of the teeth,

which may be taken as 15°. This force is 20,000 X tan 15° or 20,600

X 0.268 = 5520 lbs., less the friction of the contact surfaces, which

may be 20,600 X 0.10 = 2060 lbs., producing a net force of 3460 lbs.

The reaction on each bearing is | of 3460 = 1730 lbs. The worm
and shaft are usually forged as a single piece; hence the critical section

is at the end of the worm. Assume that the worm is 8 in. long with a

bronze thrust washer f in. thick at each end, and that the shaft bearings

are each 6^ in. long. The lever arm frcm the center of the bearing to
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the end of the worm, then is -^ + 7 = 4 in. The bending moment due
Z 4:

to the obliquity of the teeth is

il/i = 1730 X 4 = 6920 in.-lbs.

The worm-wheel tooth load of 20,600 lbs. acts against the thread of

the worm at its pitch circle and parallel to its axis. This causes reactions

on the shaft bearings of

20,600X4 20,600X4 .^.^,,— = ol50 lbs.
8 + 2 X f + 6i- 16

The bending moment at the end of the worm is

il/2 = 5150 X 4 = 20,000 in.-lbs.

The total bending moment at the end of the worm then is

M = Mx + M2 = 6920 + 20,600 = 27,520 in.-lbs.

For T = 24,010 in.-lbs. and M = 1.5 X 27,520 = 41,280 in.-lbs., a

shaft 3| in. in diameter is required.

When the worm shaft is driven directly by a longitudinal shaft from

the center of the span, the longitudinal shaft connections should be

made by jaw couplings, to reduce the bending stresses which would

otherwise be produced in it by the general deflection of the span.

Rail lifts and latches.—The weights and resistances of the rail lifts

and latches were omitted in the example. In an actual design they

must be included, and in some arrangements they materially increase

the loads on the end-lifting mechanism. •

Power required to drive the end wedges.—Suppose it is desired to drive

the wedges in 10 seconds. The worm wheel then turns through the

angle EqGEq, equal to 102°, in 10 seconds. Since the worm wheel

has 24 teeth and the worm has a single thread, the worm will turn

through 102° X 24 = 2448° in 10 seconds, and in one minute it will

turn through 2448 X 60 -^ 10 = 14,688°, or 14,688 -=- 360 = 40.8

rp'volutions. The maximum torsional moment was found to be 24,010

in.-lbs., or 2001 ft.-lbs. Assume an efficiency of the mechanism, from

the worm back to the motor, of 80 per cent. The maximum horse-

power required to drive the two wedges at one end of the span is

2xX 2001 X 40.8 _
33,000X0.80

^y-^^n.p.
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When one motor drives the wedges at both ends of the bridge the

maximum horse-power must be 19.44 X 2 = 38.88. When the motor

also drives the center wedges, additional power must be provided for

this purpose, depending upon the arrangement of, and the resistance in,

the center-wedging mechanism. The driving mechanism of these

wedges should be adjusted so that they just come to a bearing at the

end of the stroke, but do not exert an uplift, hence the resistances are

only those due to friction.

5. End and center wedges.—A typical wedge end Hft is shown in

Fig. lOG (a). This detail was used at the ends of a single-track, through,

riveted, center-bearing swing span, 247 ft. 1 in. between centers of end

bearings, designed for about E60 loading.

The lower pedestal seats on a |-in. steel plate on the pier. The

slope of the top of the wedge is 1 in 6. The wedge Cll is operated by

the link 7^6, articulated to the wedge and to the bell crank C15, which

rotates in bearings Bi. C15 is actuated by link F2, which in turn is

driven by the crank C14. This crank is forged integrally with shaft

SO). The proportions are such that when shaft ;S6 is over-driven, the

wedge is withdrawn; in fact, the mechanism can be driven continuously

and only raise and lower the end of the truss without damage to any

part. The stroke of the wedge is 1 ft. 2 in. A simple crank, C17,

actuates the end rail-lift shaft by means of the link i^4. This shaft

has cranks attached to the rail-lifting links, F7. A bell crank actuating

the end latch is also keyed to the same shaft. The bearings of shaft

SQ and the lower bell-crank shaft are attached to structural steel mem-
bers, riveted to the sides of the end bottom chords of the truss.

Shims are provided between the upper wedge seat and the bottom of

the lower chord of the truss, thus permitting adjustment in the distance

from the pier to the lower chord. Links FQ and F4 are also adjustable.

Jaw couplings are used in shaft >S6, to prevent binding, due to errors in

alignment. When the wedges are fully driven, the wedge pin, link

pin, and short bell-crank shaft are in a straight line, thus locking the

wedge by toggle-joint action.

Figure lOG (6) shows one of the center wedges. The arrangement,

operation, and adjustment are similar to those of the end wedges;

but when the wedge is fully driven, it comes to a bearing without

exerting an uplift. When in this position it also is locked by toggle

joint action.

These arrangements of wedge end lift and center wedges are more

commonly used than any other type. In many of the older designs,

cranks offset in the transverse shaft were not used and an over-drive

was possible, with consequent damage to the mechanism. In this old
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construction, link F2 was the part that was injured by an over-

drive.

6. Link-and-roUer end lift.—Figure lOH shows a fonn of end lift

that was extensively used up to about 1900. The type was developed

by the late Willard S. Pope, who was the proprietor of the Detroit

Bridge and Iron Works. It was improved by the late George S. Morison

and used on most of the swing spans which he designed. It was also

used by others. The particular design shown was used on the bridge

across the Missouri River at Leavenworth, Kansas, which is a single-

tract structure 440 ft. between centers of end bearings.

A short link is articulated to a pedestal attached to the lower chord

of the truss. A roller turns on a pin in the bottom of the link, and an

operating strut articulates to the same pin. The other end of the

strut engages trunnions on a moving nut, operated by a horizontal

screw driven by gearing. The end lift is symmetrical about the center

line of the bridge, the screws being cut with right and left threads.

The two pin pedestals are connected by a structural member, and their

tops are curved to fit the rollers at the end of the lifting stroke. Thus,

the span is accurately centered at both ends when the ends are lifted,

and end latches are not required.

The end rail lifts are actuated by the thrust links by means of bell

cranks and adjustable vertical struts. In the design shown, the rails

move slowly as the mechanism is operated. In a later form, the struts

were cut and, when the rails were fully raised, a pawl engaged the

upper part of the strut, holding the rails in a fixed position. When the

ends of the span were lifted, the lower part of the strut moved down-

ward until, when near the end of the stroke, a cam disengaged the pawl,

allowing the rails to fall into place by gravity. The purpose of this

was to make sure that the rails were fully seated and not held partly

raised by the friction of the rail seats. This device operated well and

was used on several bridges, the first being that across the Mississippi

River at Alton, Illinois. This is a double-track span of 450 ft. and

was built in 1893.

This type of end lift is simple and certain in action and easily main-

tained. It requires less power than a wedge lift. Over-driving is

not probable, as the rollers are practically blocked at the end of the

stroke. In large bridges, like those at Alton and Rock Island, two

links and rollers, coupled together, are used at each corner of the span.

The principal objection to this type is that the dead- and live-load

reactions are carried on rollers and pins that form a part of the operat-

ing mechanism, and not on large flat surfaces, as when wedges are

used.
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7. Gardner's end lift.—An ingenious type of end lift for swing spans

has been developed by Mr. Randall D. Gardner, M. Am. Soc. C. E., of

Boston. United States Patent No. 1,091,829 was granted to him on
March 31, 1914. The purpose of the design is to combine the mechan-
ical efficiency of the link-and-roller type with the stability of the wedge
type, when under load.

Figure 10 1 shows the general arrangement of the mechanism.

The link A carries a roller R, turning on pin PI and is operated by
the link B and the segmental gear G6, which is driven by a motor, or

manually, through an ordinary gear train. A wedge block, W, slides
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along a seat on the bottom of the lower chord and is connected to

gear GQ by the Hnk C at P4. The mechanism is shown in closed

position with the end of the span lifted. Link C is slotted at its

attachment to wedge W. The lengths of the links and their points of

articulation are selected so that when the mechanism is operated to

lower the end of the span, the first movement of link A and roller R
slightly lifts the truss, reheving the wedge of its load. As the movement
continues, the slack in the slot in C is taken up and the wedge begins

to move, the end reaction being taken by the roller. This continues

until the end is fully lowered and the roller clears the pier pedestal.

When closing the bridge, the movements are reversed, the wedge takes

its position and the roller continues to move, lowering the end of the

bridge sUghtly, so that at the end of the lifting stroke the roller clears

the pier pedestal, and both dead- and live-load reactions are taken by
the wedge block, which is locked in place by the toggle-joint action

of the hnk and the segmental gear.

The wedge never moves under load, both lifting and lowering being

performed by the roller-link. This materially reduces friction, increases

efficiency, and reduces the power required.

This type of end lift is in use on the Broadway, Chelsea North, and
Meridian power-operated, and the Chelsea South and Chelsea Street

manually operated bridges in the city of Boston. The operation is

satisfactory. An article in Engineering News, 1916, I, page 1216,

shows half-tone illustrations of the de\dce.

8. Toggle end lift.—During the period from November, 1905, to

November 5, 1908, three large bridges were built for the Spokane,

Portland, and Seattle Railwaj^ Company, under the direction of Mr.

Ralph Modjeski, M. Am. Soc. C. E., chief engineer. They cross the

Willamette River, near Portland, Oregon, the Oregon Slough, and the

Washington Channel of the Columbia River, near Vancouver, Wash-
ington. There is a double-track, drum-bearing swing span in each

bridge of lengths 521 ft. in., 332 ft. lOf in., and 466 ft. 10 in., respect-

ively. A special form of toggle end lift was designed by ]Mr. Byron B.

Carter, who was mechanical engineer for Mr. Modjeski. The general

arrangement of these end lifts is indicated in Fig. lOJ.^ The following

description is quoted from Mr. Carter's paper.

The end reactions at both the Vancouver and Willamette bridges

were estimated to be about the same, so it was decided to make the

1 The Vancouver-Portland Bridges. A Report bj' Ralph Modjeski, Chicago,

1910. The Operating Machinery of the Willamette River Draw-bridge, near Port-

land, Oregon, by Byron B. Carter. Journal of the Western Society of Engineers,

Vol. XXI, p. 529, 1916.
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end-lifting mechanisms the same for both bridges. The requirements

at the Willamette were that at each corner, or lift, a load of 225,000 lbs.

was to be lifted 1| ins. in 45 seconds and the devices were to carry a
total load of 720,000 lbs. Deformation calculations disclosed consider-

a])le endwise movements under the action of the live loads provided for.

Considerations of all the known forms of end lifts disclosed defects in

each, either lack of bearing values under the above loads, lack of effi-

ciency, or tendencies of producing thrusts on the masonry from end
movements, due to the live loads, that could not be permitted, especially

at Willamette, with its high and slender piers.

To overcome all the above defects, a design was developed that is

supposed to be a new form of end lift. To adapt the truss to the lift,

the end pin was omitted. The connection is riveted into two main
gussets at each side of the chord. In these gussets are placed 12-in.

pins, near the top of the connection and outsicle of the end posts, that

carry the end-lift reactions only. These pins, which are removable,

are held in plates bolted to the gussets and are prevented from rotating

by bolts, through the plates, tapped into the ends of the pins.

Each end lift consists of two cast-steel toggle struts, 11 ft. long from
end to end pins. The top joint is bushed with Lumen bushings to the

pins in the gussets. The other joints are finished cylindrical surfaces

of the castings, 11 in. rad., 20^ in. face, on babbitted surfaces, one in the

upper end of the lower strut and one in the lower bearing shoe. Five-

inch pins are used here to join the parts and carry the weights only

when the jacks are lifted, but they carry none of the loads when the

ends are raised. The lower bearing shoe slides vertically about 7 in.

in guides, bolted to the lower extensions of the gussets. The lower

bearing shoe rests on six segmental rollers 12 in. diameter, of the usual

expansion-joint form, except that they are gear-tooth connected to the

pedestals and are arranged with pendulum weights to keep the rollers

in the vertical position when the end lifts are released. In this manner
the great efficiency of a toggle action is combined with a construction

of large bearing surfaces and perfect freedom of end motion allowed on
a free-moving roller expansion bearing.

The centering and latching of the bridge is produced by a plug with

tapering ends, attached to the lower member of the toggles, working in

a socket which is attached to the chord of the approach span.

The relations of the plug and socket to the end lift are such that the

parallel portion of the plug has entered the socket and aligned the bridge

before the lower shoe takes bearing. The taper centers from about
5 in. each side of the bridge center line.

In the upper toggle links are independent pins with bronze bushings

for the strut connections. The toggles are actuated by cranks and
cross-connecting shafts between the trusses. The bearings for the

shafts are attached to the top of the lower chords. Connecting the

cranks to the toggles are struts made of structural steel and steel forg-

ings. Mounted on the cross shafts are heavy segmental gears, which
are driven by 35-h.p. motor through a single gear train for each end of

the bridge. It is thus clear that both sets of toggles for one end of the

bridge must act simultaneously while the ends are independent of each
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other. The synchronous speed of the motors is depended upon to get
practically simultaneous action at the ends, and docs so within one or
two seconds.

The drawings show all parts in locked position, that is, with the
ends lifted, and it is seen that the unbalanced weight of the segmental
gear holds all parts in position. The gear train is mounted on a struc-
tural framework attached to the two middle stringers at the end panel
of the bridge. The cross shaft pierces, but is not supported by, all

stringers at their central and neutral axes.

The shafts of the gear train are not in line, but are zigzag with each
other, so that shifting, either horizontal or in height, could be done to
accommodate the actual diameters of the gear castings.

9. Rocker-and-eccentric end lift.—When a swing span is too long,

the ordinary type of wedge end lift is not feasible. When one arm of

the span is loaded, the deflection of the trusses causes an angular rota-

tion of the end joint of the bottom chord. If a wedge seat is rigidly

attached to the chord, the change in angularity greatly increases the

pressure between the wedge and its seat, and that of the lower pedestal

and the masonry, at the side toward the center of the span. This action

has been known to cause seizing and abrasion of the wedge and seats.

The same condition of loading causes outward movement of the

end joint of the bottom chord, due to the elongation of the chord during

each passage of the live load. In one case this amounted to more than

half an inch. Temperature changes add to this difliculty. The end

reactions of a long span are large, particularly in the case of a double-

track bridge. I'he result of the horizontal movement, combined with

the heavy reaction, is to apply a large horizontal shear at the top of

the pier, tending to overturn it. Most piers are so rigid that they will

not deflect enough to absorb the horizontal movement, and the con-

tinued application of the shear tends to disintegrate them.

The toggle end lift described in Art. 8, in which the lower end of

the ram rests on a nest of rockers, overcomes the deleterious effect of

the horizontal movement, but does not so directly correct the effect

of the rotation of the joint. Moreover, the device is complicated and
expensive.

The rocker-and-eccentric end lift was probably first used by the

late C. Shaler Smith, on the C. JVl. & St. P. Ry. bridge across the Miss-

issippi River, at Sabula, Iowa, wnich was built by the Edge Moor Iron

Co., about 1883. This bridge was in satisfactory use for over twenty-

three years, when it was replaced by a modern heavy bridge on account

of overload.

Figure lOK shows a side elevation and a section of an adaptation

of this design to a very heavy, modern swing span. The angular rota-
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tion of the joint is taken by the eccentric-shaft, which is near the

bottom chord. The horizontal movements due to the elastic distortions

and temperature merely cause slight rotation of the rocker around the

shaft. The lower face of the rocker can be made to almost any radius

without causing material lifting of the end joint, for the horizontal

movements are small. A large radius assists in distributing the load

from the theoretical line bearing of the rocker to the pedestal on which

it rests. The rocker hangs on the eccentrics like a pendulum, and

hangs in central position when raised.

Gear

1

liiiiiiiiiiil

Scale in Feet
2 3 4 5

Fig. lOK.

Mechanically, the efficiency is greater than that of an end wedge,

but less than that of a toggle with long vertical arms.

As in the toggle, the end reaction from live loads must be taken by

the mechanism, but more directly. The whole combination is simpler

and more economical than a toggle and there are fewer working parts

to maintain, and less probability of its getting out of order.

The linings of the bearings that carry load should be of Class B
bronze and liberally proportioned. Provision should be made for

thorough lubrication of the shaft in all of its bearings.

10. Reehl's end rail lock.—When sliding locks are used to close

the joints in the track rails at the ends of swing spans, the conditions
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require a peculiar mechanical motion. The rails must be unlocked

before the ends of the span arc lowered, and, in closing and lifting,

the locks cannot be thrown until the ends are centered and lifted.

This is usually accomplished by the use of two motors, one for the end

lift and the other for the rail lock, at each end of the span. It is more
economical and desirable to operate the center and end wedges and

the rail locks by one motor, placed near the center of the span.

Figure lOL shows the general arrangement of a device which suc-

cessfully accomplishes this result. It was invented by Mr. D. L. Reehl,

an assistant engineer with the American Bridge Company, and is

protected by United States Patent No. 1,456,266, issued July 6, 1915.

The device is shown with the ends of the span lifted and the rails

locked. A gear box is supported between the end stringers at each

end of the span. The motor is near the center, and the end gears are

driven by longitudinal shafts from the center to the gear boxes. A
worm and wheel and a pair of gears reduce the rotational velocity as

desired. Gear X is keyed to a short transverse shaft, housed in the

sides of the box, and, to unlock, moves in the direction of the arrow.

Segmental gear Y is in mesh with X and moves with it and unlocks the

rails. When this has been accomplished, the smooth, concave portion

of Y contacts with the smooth, convex surface of X, and Y ceases to

rotate. The teeth on X then engage those on Z, rotating the transverse

shaft that actuates the end wedges and the bridge latch. As the motion

continues, the latch is raised and the wedges are withdrawn. All

movements are reversed when closing the bridge, the rail locks being

driven after the latch has fallen and the wedges have been fully driven.

11. Balanced end latch.—The end latches of swing spans should

accurately align the span without shock, and be automatic in action.

Figure lOM illustrates a type that has been satisfactorily used on many
bridges and may be considered as practically a standard design.

The latch bar L moves vertically between roller guides framed to

the end floorbeam. Its lower end carries a roller which engages a catch

on the pier. The weight of the latch is nearly counterpoised by the

weight E, which can be adjusted to any point on lever I. The latch-

roller clears the catch-guide by a small fraction of an inch. While

the end wedges are being withdrawn, link m, driven by a crank on a

transverse shaft, actuates bell crank n and lever r. After movement
begins, lever r engages pawl q and the latch is lifted as movement
continues. When fully raised, r and q are in a straight line, and the

latch-roller clears the vertical portion of the guide in the catch. The
bridge is then turned. The latch-roller moves up the sloped surface u,

disingaging pawl q. As turning continues, the roller passes down
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surface v until stop e rests on the latch frame, holding th^ latch bar in a

fixed position, and ready for automatic action when the bridge is closed.

When the bridge is nearly closed, the velocity of rotation is retarded

by frictional resistances and the brake. The latch-roller engages surface

V, up which it rolls; thence it rolls down u and drops into the pedestal

guide by gravity. The latch being nearly balanced, its fall by gravity

is slow; hence, if the end of the span approaches the pier too rapidly,

the latch-roller passes across the guide and engages surface ui, and the

span passes on without shock. The latch must be counterpoised by

leva+ion Section X-X

Fig. lOM.

moving E until the latch will drop into its guide without shock and

stop the span in central position.

Design:

Let X = maximum rack force due to the motor or the brake;

r = radius of the pitch circle of the rack;

R = distance from the center of the rack to the center of the

latch;

T = thrust on the latch and its catch.

The latch, catch, and connections should be designed for a thrust

Xr
of not less than T = 2^t-.

K

Rb= T

The reactions are:

A -\- B
B

and Rt = T
B'
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The bending moment on the latch bar at Rb = TA.
hi -

The moment of resistance of the latch bar at Rb = ^r-.
D

The section of the latch bar must be such that 15,000 -y- > TA, or

25006/i2 ^ TA.
A

The bending moment at the end of plates p at y = RtC = T^C.
B

A
The section at y must be such that 2500 boh'-^ ^ -^"r^-

The anchor bolts A'^ should be considered as holding-down bolts

only, except in small manually operated bridges. Their number and

size should be ample to resist the moment TD, which is the measure

of the tendency to lift the catch from the point g and to cause it to

turn about point k. They should never be less than 1| in. in diameter,

and should be of ample length to provide the necessary anchorage.

On all but small, manually operated bridges, the anchor bolts

should not be depended upon to resist the shear due to the thrust T,

but a lug of ample size, as shown at 0, should be used. The pressure

of this lug against the masonry, due to thrust Tm = T, should not exceed

600 lbs. per square inch. Assume the dimensions of the lug to be as

shown and its length to be w, then,

600*Sw; ^ Tm.

The bending moment at t is Tm -r-

lot

The moment of resistance of the lug is -^. The mmimum thick-

ness where it joins the base of the catch must be such that

2500m;<2
= J.S

The thickness must also be proportioned to the thickness of the

base of the catch, in order to avoid excessive cooling stresses in the

casting. aS should not be less than 2 in., nor t less than \\ in.

12. Disc center with load applied by hanger bolts.—Figure ION

shows a type of disc center that has been used in many bridges. The

weight of the span is delivered to the pivot on the discs by means of

two short longitudinal box girders A, framed between two transverse

center girders C Girders A deliver the weight of the span to trans-

verse I-beams B, through hanger bolts E, thence to pivot P, which

rests on discs D. The purpose of the design is not only to deliver the

load centrally on the discs, but to permit the whole center to be taken
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out for repairs from the track level, after the center girders C have been

blocked up from the pier. This type is satisfactory for bridges of

ordinary size and weight, but becomes almost impracticable for the

largest modern center-bearing structures. It is an expensive design.

Fig. ion.

It was supposed that this construction would neutralize the effect

of an unequal settlement of the center pier, but it has little advantage

over the simpler form where the center transverse girders rest directly

on the pivot. The particular design shown was used in a bridge on the

Pennsylvania Railroad across the Passaic River, which is a double-

track swing span 277 ft. 2 in. between centers of end bearings.

13. Three-disc center with pier not level.—Reference was made in

the last article to the effect of unequal settlement of the center pier on

a center bearing with three discs. Assume that the pier settles until

the discs take the position shown by full lines in Fig. 10 0, which is

not to scale but much exaggerated. As the balance wheels clear their

track by only a small fraction of an inch at a radius of several feet
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from the center, the bottom of the lower and the top of the upper disc

will be practically parallel with the top of the pier after settlement.

The center of gravity of tlie span moves over until a vertical through

it falls at some point, as d, on the top of the upper disc, and the weight

of the span acts at this point. Before the bridge is turned, the discs

still contact practically at a and h. When turning begins, the gravity

and disc-pressure forces are not in equilibrium and, as the turning

continues, the discs will move in a direction that tends to restore equi-

librium. The lower disc is practically a part of the pier; hence all

adjustment must be made by movements of the middle and upper discs.

The upper disc is practically a part of the span and the span must

move with it. The new position of equilibrium is roughly indicated by

broken lines in the figure. When the unequal settlement is small, the

middle and upper discs and the bridge will assume a new center of

rotation, but one side of the discs will project beyond the lower disc

and impinge against the inside of the oil box, enclosing the discs.

Fig. 10 O.

In one case, observed by the author, the settlement was so small

that the new center of rotation was only Ye in. from the original one,

and by boring out the inside of the oil box and moving the rails on the
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bridge all further trouble was avoided. The discs in this case were

36 in. in diameter. The settlement occurred in 1912 and the bridge

is still operating in a satisfactory manner.

In another case, with 31-in. discs, a pier grillage had been set so

much out of level that it corresponded to about ^ in. in the diameter

of the discs. Large side pressure developed against the inside of the

oil box; the bolts coupling its halves together and those attaching it

to the lower center pier casting were loosened, and the inside of the oil

box was badly abraded. The oil box was removed and the bridge

turned several times. The movement of the middle disc and the

bridge continued until the discs projected nearly 2 in. and the new
center of rotation had not then been found. The experiment was

stopped, and the bridge was then jacked back to central position.

Beveled shims were placed, bringing the lower center casting and the

upper pivot truly level. A new middle disc and oil box were placed,

completing the repairs, and the bridge now operates perfectly.

The middle disc of this type of center, being double-convex, is

easily displaced and is very sensitive to changes of level of the center

pier, and there is no tendency for it to move back into position after

displacement. Bridge erectors are well aware of this fact and have

nicknamed it a " melon seed." It is the author's opinion that only two

discs should be used, the lower being concave upward and the upper

convex downward. There is then some tendency for the upper disc

to slip back into place after displacement, for the curvature tends

toward stability. In European practice this arrangement is commonly

used.

14. Disc centers with superposed load.—A simple type of disc

center with superposed load is shown by Fig. lOP. This type has been

extensively used and has been satisfactory. The transverse center

girders of the span rest directly upon the pivot P, and the base G on the

masonry. Height adjustment is made by shims between the center

girders and the pivot. Many such centers have been built with three

discs, but the use of only two is recommended. Circular lugs are

formed on both discs to hold them in central position. A small clear-

ance is provided between the circumference of the discs and the inside

of the oil box. The latter is in halves, bolted together, so that it can

be removed for inspection and repairs. The oil box rests on the top

of the lower casting around a lug on its top surface, and is securely

bolted down. The oil box must be oil-tight and kept full of oil. Oil

is supplied by a pipe screwed into the pivot and extending to the floor

level and capped, to exclude dirt and water. An oil hole extends down
through the pivot and the upper disc and half-way through the lower
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disc. It connects with oil grooves cut in the bottom of the upper disc.

These oil grooves constitute one of the most important details of the
design. They must not have sharp corners at the bearing surface,
which would prevent the entrance of the oil between the discs. These
corners should be well rounded, as shown by Fig. 10 Q (a), so that the
oil will be drawn in between the discs as they rotate.

9 Equal
Paris

Fig. 10 Q.
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For discs of ordinary sizes, the best oil grooves are radial, as shown
at (6). They should be large enough for the insertion of a wire for

cleaning. The number of grooves should be such that the extreme
distance between them shall not be more than from 12 to 15 in. When
the discs are more than about 36 in. in diameter, the principal grooves

should be radial, with straight branches extending to the circumference,

as indicated by (c) . They can then be cleaned out by wires.

The upper disc should be of hard phosphor-bronze, Grade A, in

accordance with Arts. 804 and 805 of the Specifications in Volume II,

Appendix A, and its lower bearing surface should be poHshed. The
lower disc should be of steel, in accordance with Art. 802 of the Specifi-

cations, with its upper bearing surface accurately ground.

Designs in detail.—A series of designs is used by the American
Bridge Company, proportioned in accordance with the following

requirements

:

Two discs are used.

The pressure on the projected net area of the discs is 3000 lbs. per

square inch.

The radius of the spherical bearing surface of the upper, or bronze,

disc is made smaller than that of the lower, or steel disc, to diminish

the radius of friction and the power required for turning. The dif-

ference of the radii is such that the maximum pressure, under full load,

is 10,000 lbs. per square inch at the edge of the central oil hole. The
analysis of the stress distribution in discs of different radii, when under
load, is given in Appendix A. An illustrative example is also given.

The maximum unit compression in the central part of the lower

center casting is 10,000 lbs. per square inch.

The pressure on the masonry is 400 lbs. per square inch of net area

of the base casting.

The maximum fiber stress, due to bending, in the castings, is 16,000

lbs. per square inch, assuming that the center girders are rigid and that

the masonry pressure is uniform.

Table lOA gives data for this series of designs.

When local conditions, or specifications, require a pressure on the

masonry of less than 400 lbs. per square inch, steel plates, slabs, castings

or embedded grillages may be used under the pedestal casting to increase

the bearing area upon the masonry.

15. Rack anchors.—When large center-bearing swing bridges are

turned rapidly, the mechanism produces large tangential forces on the

rack at the main pinions. In former practice the rack was simply

bolted to the masonry by dowel bolts, which were usually small, seldom

being more than 1| in. in diameter. The bolts are commonly set in
si
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cement mortar, so that their resistance to a tangential rack force depends

on the crushing strength of the mortar around them, in combination

with their stiffness as vertical cantilevers. Further, the maximum unit

. 4 .

pressure where they enter the mortar is - times the unit pressure on the
TT

projected diameter of the bolts. The result has been that in some

cases the racks became loosened and could not be held tight. This

difficulty does not occur in rim-bearing bridges, for the rack is a part

of the roller track, which is firmly held by the great weight upon it

and the resulting friction on the masonry.

TABLE lOA

Di-

ame-

ter

2A
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Design the lug casting for a maximum fiber stress of 16,000 lbs.

per square inch.

Turn the bolts to a light driving fit.

The anchor bolts should not be less than 1| in. in diameter and
should extend at least 12 in. into the masonry.

16. Main pinion bearings of center-bearing swing spans.—One of

the most common defects in the design of the turning mechanism of

center-bearing swing bridges is the failure to provide adequate stiffness

and strength in the main pinion bearings and their attachments. In

Masonry

AnchorBolfsT''^' ^^^ ^ Lug fo fake rack force

Lug Pit:- Fill wifh concrete

Fig. lOR.

too many cases the structural supports have been designed to support

the bearings and withstand the most obvious stresses, and no considera-

tion has been given to the surge due to the sudden application of power
during acceleration, or to the couple due to the pinion tooth load, and
its parallel reaction, at the center of the shaft within the bearing. The
component of the pinion tooth load, tending to separate the pinion

from its rack, is also overlooked. There are also vibratory stresses,

due to imperfections in the teeth, which cannot be calculated.

Experience proves that it is wise to cast the two bearings, of the

pinion shaft as a unit, as indicated in Fig. lOS. The bearings may
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./"
Babbiff8:borefor 62 shaff

t

then be bored out at a single setting of the work, and the shaft accu-

rately and permanently aligned within the bearings. All stresses must

be considered, and the bolts attaching the union bearings to the struc-

tural supports must be large and

numerous enough to withstand

them. Some designers have used

too few bolts near the lower box

and have depended upon structural

plates bearing against the sides of

the casting. This is not a good

detail, for it is almost impossible to

do the machine work with such ac-

curacy that the plates and bolts

bear at the same time, and the

result is that either the one or the

other takes all of the stress.

17. Union bearings for bevel

gears.—One of the most common
defects in movable-bridge mechan-

ism is the use of separate bearings

for the two shafts which carry a

pair of bevel gears. In many cases

the two separate bearings are attached to separate structural supports.

The exact position of such supports is, at best, quite uncertain, and it

often becomes a difficult matter to align the shafts and secure the exact

mesh of the bevel-gear teeth so necessary for satisfactory operation.

Further, the structural supports are not always of adequate stiffness and

they may deflect from the thrust of the gears. Vibration is set up and

the gears are noisy and irregular in operation. Wear ensues, increasing

the difficulty.

It is usually feasible to design the supports so that a single casting

can be used with a bearing for each shaft. Figure lOT shows a form

of union bearing that has been used at the floor level of operators'

houses at the points where the transverse horizontal shaft from the

motor joins the vertical shaft which extends down outside of the trusses

to the turning and end-lifting mechanism of swing bridges. The shaft

alignment and gear mesh can be accurately fixed in the shop, and the

field work is reduced to properly locating and securing the union bearing.

Similar union bearings should be used wherever it is necessary to use

bevel gears.

Bevel and miter gears should be avoided when it is feasible to arrange

the mechanism for the use of spur gears.
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18. Bearing supports,—Ordinary pedestal bearings for shafts are

sometimes carried by a single I-beam, or channel, as indicated in

Fig. lOU (a). Such supports are often unsatisfactory on account of

their lack of horizontal stiffness. This is particularly true at points

where spur gears transmit stress to the bearings, but is sometimes

observed even in cases where the bearing and its support carry only the

Scale in Feet

Fig. lOT.

weight of the shaft. For light work, an angle with equal legs will serve

in some cases; in others, an I-beam stiffened on top by a channel, or a

plate, as indicated at (6), may be used. In other places and for heavier

loads, two channels with a top plate and bottom lattice, as at (c), will

be preferred. In most cases of this kind, the deteraiining consideration

is stiffness against vibration and not strength to resist calculated

stresses.
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The type of bearing support must, in general, be determined by

good judgment based on experience and the observed performance

in actual construction.

19. Turntables of drum-bearing swing spans.—When it is imprac-

ticable to use a center-bearing swing span, the next best arrangement

is a combination of rim and center bearings, with the center-loading

girders arranged so that a definite part of the load is delivered to the

center. The load on the center helps to hold it in position and to

secure it against overturning forces. The center should also be anchored

to the masonry by adequate bolts. Radial struts should connect the

center and the track on which the turntable rollers run.

When a purely rim-bearing design is used, the center casting must

be rigidly anchored to the masonry by bolts and lugs on the bottom of

1)
<d

-r\ I
—

J LL.

(a) (c)

the casting, and radial struts should be used to connect the center with

the roller track.

The lower roller track should be high enough to allow the rollers to

be taken out and replaced without removing the rack.

There are two general methods of arranging the live rings. The

older construction was to provide a ring plate resting and turning on a

shoulder on the center pivot. Long radial rods were pin-connected to

this ring plate and extended outward through the live-ring members

and the rollers, and had nuts at their extreme outer ends. It was

customary to make the inner and outer live-ring members independent

of each other, on the theory that the rollers and ring members would

take equilibrium positions when turning. Whenever workmanship

and installation were perfect, this theory was realized. Experience

indicated that there was danger of the ring plate on the pivot lagging

behind the live ring, skewing the rollers and setting up heavy side

stresses on the pivot. In order to avoid this and to force the pivot
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R= Diagonal
Rods

ring to move with the live ring, at least four tangential rods should be

used, as shown at R in Fig. lOV.

A more recent design, which is well adapted for modern heavy
bridges, is shown in Fig. lOW. The
inner member of the live ring is a cir-

cular girder, strong enough to resist the

outward radial thrusts from the rollers.

This ring is connected to a central

sliding ring plate on the pivot by

eight or more struts, each riveted, or

bolted, to the ring plate on the center.

These connections are sometimes made
by a single pin, but a group of several rivets or bolts is better.

The outer ring is in short pieces, bolted at the joints and also bolted

to tie plates, which extend outward from the inner ring girder, so

that they can be readily removed for repairs of the rollers and rods.

Each roller turns around a short rod. These rods have square heads

at the inner end, engaging lugs on the ring girder, to prevent them

Fig. lOV.

Outer edge ofrollers should be finished
andon the bottom treada circle shouldbe
scribed to which the rollers can be set in
assembling the work in shop or\\\ffeld.

Sfrucfural
Steel

-

f=^

W^^

A - Should be not
less than I'M B

-FinisH

-Babbiff

Cast Iron WasherJ

Bronze washer of
suitable thickness

butnoi less fhan-^"

Scribe fine on freao/

Adjustable rods with clevises may be used in place ofstruts

Fig. low.

from rotating. Bronze thrust washers are placed at the outer end of

the hubs of the rollers. An adjusting block bears against the bronze
washer. These blocks are inserted in round holes in the outer ring

member. A part of their outer ends is made square to engage lugs and
prevent rotation. Bearing and lock nuts are used on the outer ends of
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the rods. By turning up the nuts, endwise adjustment of the rollers

is readily made. Note that all roller thrust is delivered in tension by

the rods as outward radial forces on the inside of the ring girder.

In order to allow for inaccuracies in the adjustment of the whole

device, the diameter of the holes in the rollers should not be less than

Y^ in. greater than the diameter of the rods.

When the rollers are of steel they should be babbitted to prevent

seizing, should the rollers become far enough out of line to bear against

the rods. When cast-iron rollers are used they should be bored through-

out their full length.

Accurate installation of the center, track, and live ring is most

important. The drum, live ring, and track must be concentric with

the center pivot, and their center lines must be vertically above each

other.

The outer ends of the treads of the rollers should be accurately

finished, and the upper and lower coned tread plates should be lightly

scored at the ends of the roller tread while they are still set up on the

machine in the shop. The rollers can then be adjusted until their ends

match the scores on the treads, insuring proper working relations of

the parts.

The main pinion shaft bearing and its supports is one of the most

important details of a rim-bearing draw span. The two bearings of each

vertical shaft should be made as a union bearing, similar to Fig. lOS,

but usually much larger and longer. The bearing should be thoroughly

bolted to a vertical structural bracket, built as a part of the drum.

The cover plates of the drum can be interrupted at the shaft connection

and large horizontal sketch plates substituted. These extend radially

beyond the drum as far as necessary to connect to the vertical member
of the bracket. The edges of these plates should be stiffened by heavy

angles, so that the whole shaft-support bracket will be rigidly braced

against forces developed by the tractive effort of the machinery.

The shaft-support brackets of many bridges have been made too

light and braced inadequately to the drum. The result has been

loosened connections and false alignment and mesh of the pinions, with

rapid deterioration of all parts, which occasioned troublesome and

expensive repairs. It is better to make these details too strong than to

slight them and then be forced to patch them up after failure has

begun.



CHAPTER XI

RAIL JOINTS

1. General.—The rails at the ends of movable bridges should bridge

the joints between the movable span and its approaches. In most cases

it is best that the rails on the movable span be extended far enough

across the joint to be firmly supported on the approaches. When this

is done on a swing span, the end rails must be lifted while the ends of

the span are being lowered. The end rails cannot be spiked down, but

must be secured in some other way. Safety against derailment when
rolling stock crosses the joint is of primary importance, and the design

must be such that the rails will surely be bedded on their supports and

securely held in position when the bridge is closed and ready for traffic.

2. Lifting rails with square ends.—Figure 11A shows a form of

lifting rail that has been successfully used on many swing bridges and

is the most common construction. The lifting rails are joined to the

fixed rails on the moving span by a joint that permits rotation in a

vertical plane. The lifting rails are spaced by ordinary switch rods and

are also bolted to the transverse member of the lifting device. Each
tie toward the inner end of the rail is fitted with a steel shoe, having

sloped rail guides, spiked to the ties. Near the joint a long shoe, of

similar construction, extends over several ties. The approach rail is

clamped in a fLxed shoe having a support, with guides, for the end of

the lifting rail. In the figure, the ends of the rails are cut square. An
interlocking device should be used, so that the signals cannot indicate

a clear track until the lifting rails are seated and the ends of the span

have been fully lifted. This is not shown in the figure, but is a vital

part of the construction.

3. Lifting rails with scarfed ends.—Figure IIB shows an improve-

ment over Fig. 11A. In this case the ends of the rails are not cut

square; instead, the end of the lifting rail overlaps that of the fLxed

approach rail. The heads and feet of the rails are cut away flush with

the webs and bent to form a scarfed joint. The inner projecting

portion of the head of the bent lifting rail is planed to the gauge Hne.

Clearances are left between the ends and the scarf for expansion. The
joints should be located well back from the break in the floor. The

309
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scarfed joint is shown at (b), one of the rail shoes, with guides, at (c),

and the interlocking device at (d)

.

This form of rail joint is also well adapted for use on bascule and

vertical-lift bridges. In such cases the rails on the movable span are

spiked down and some of the rail shoes may be omitted.

4. Sliding rail joints.—Figure IIC shows a typical rail joint in

which the rails on the movable span and approaches are rigidly fastened

down and the break in the floor is bridged by a tongue, sliding between

Cenier Line of Track

Scale in Inches

Fig. lie.

the webs of the rails and fixed guides on the ties. A part of the outside

of the rail head should be left to guide the tongue.

Some designers have made the tongue, at and near the joint, higher

than the top of the rails, with sloped approaches, the idea having been

to lift the wheels across the joint. This should never be done. The

tongue should be of the same height throughout its length, and its

outer side no higher than the extended coning of the wheel treads. It

may even be better to leave it flat and of the same height as the rail,

for wheels with worn treads are common, particularly engine drivers.

Such wheels impinge violently on the tongues. The extreme ends of

the tongues should be tapered below the rail tops.
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In one case in which sliding rail joints were observed the tongues

were 3^ in. above the rail tops at the joints, and the vertical approach

slopes were relatively steep. The shock of passing wheels was so violent

that slow orders had been issued across the bridge when it was first put

in service. A passenger train was observed approaching the draw

faster than it was allowed to do by the slow order. The impact of the

driving wheels was so great that the tongues were forced back across

the joint, which was thus left unprotected. The tongues were driven

by a rod and crank, as shown in the figure, and the mechanism was over-

hauled by the impact so that the bell crank was in open position after

the passage of the train.

This form of rail joints should be interlocked with the signals, like

the two designs previously mentioned.

When sliding rail joints are used on swing bridges, some form of

progressive motion must be provided. The tongues must be with-

drawn before the ends of the bridge are lowered, and driven after the

ends are lifted. The mechanism shown in Chapter X, Article 10,

Fig. lOL was developed for this purpose.



CHAPTER XII

COUNTERWEIGHTS

1. Plain concrete.—Concrete mixtures are usually specified by
volumes, based on one volume of cement, as 1 : 3 : 6, meaning one part

of cement, three parts of sand, and six parts of broken stone. In order

to make sure that the desired mixture is obtained, it is necessary to

define both the volume and weight of a unit of cement. The Joint

Committee on Standard Specifications for Concrete and Reinforced

Concrete, in their report of August 14, 1924, state that " the unit of

measure shall be the cubic foot; ninety-four (94) pounds of Portland

cement (one bag or I bbl.) shall be considered as one (1) cubic foot."

This corresponds to a barrel containing 4 cu. ft. of cement weighing

376 lbs., net. The barrel is the unit used in the following discussion.

Problem 1.—Find the weight per cubic foot of a concrete of

known proportions and materials, when used in a massive counter-

weight.

Let A'^ = number of cubic feet of concrete that can be made from

one barrel of Portland cement when mixed with sand

and broken stone, or gravel, in the known proportions;

W = weight of the materials used for N cubic feet of concrete,

not including the mixing water;

then

W .

-j^ = weight of the materials per cubic foot of concrete, not

including the mixing water.

Experiments show that from 12 to 14 lbs. of water is required to mix a

cubic foot of wet concrete; also that from 3 to 5 lbs. of water drips out

of the forms, that about 2 lbs. of water evaporates slowly from a mass
of concrete, and that the remainder is permanently retained. The
probable average weight per cubic foot of concrete then is,

W W_+(13-4-2)=-^ + 7 (1)

313
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Let aS = number of cubic feet of sand in N cubic feet of concrete;

G = number of cubic feet of broken stone, or gravel, in N
cubic feet of concrete;

Va = percentage of voids of the sand; and

Vg = percentage of voids of the broken stone, or gravel.

The value of A^ is closely expressed by a formula given by Taylor and

Thompson

:

N = 2.61 + 1.34(1 - Vs)S + 1.08(1 - Vg)G. . . (2)

Assume average dry sand to weigh 89 lbs. per cubic foot and its specific

gravity to be 2.65; then V\ = 0.46, or (1 - V,) = 0.54, hence (2)

becomes
A^ = 2.61 + 0.7245 + 1.08(1 - Vg)G (3)

The values of Va vary somewhat for different sands but not as much as

those of Vg for different aggregates.

When Vg is found experimentally from the material to be used,

Eq. (3) gives quite accurate results.

To indicate the approximate weights per cubic foot of concrete

counterweights of various materials and proportions, Table 12A is given.

The weights were calculated from Eqs. (1) and (3). In lines 1, 2, 3, and

4 the aggregate was assumed to be broken stone, screened to f in. to

1^ in. in size, with voids of 45 per cent. Lines 6 and 7 are based upon

tests made by the Erection Department of the American Bridge

Company.

TABLE 12A

Average Weights per Cubic Foot of Concrete in Massive Counterweights

Line Material of Aggregate

Average

Specific

Gravity

Assumed
Percentage

of Voids

Assumed
Weight per

Cubic Foot

of Aggregate

Proportions by Volume

1:2:41: 24 :5i:3:5i:3:6

Trap
Granite

Limestone

Sandstone

Bituminous cinders . .

.

Coke braise

Steel furnace slag ....

2.90

2.70

2.65

2.40

1.525

1.193

2.30

45

45

45

45

52.42

50.51

46.61

99,37

92.51

90.79

82.23

45.20

36.80

76.48

157

150

149

141

116

106

137

157

150

149

141

115

105

136

155

149

148

140

116

106

135

157

150

149

141

114

104

134

Concrete mi.xed in the proportion of 1 part of cement, 3 parts of

sand, and 6 parts of broken stone, or gravel, has been found satisfactory
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for counterweights. It is rich enough in cement to fill all of the voids

and to give a good finished surface. It is economical and dense.

The data given above are intended for office use when calculating

the size and shape of counterweights. When a counterweight is to be

built, careful field tests should be made with the materials to be used,

and the results sent to the engineer responsible for the shop drawings,

as the basis of any necessary recalculations of the balancing of the

bridge. The field tests should be made on 1-ft. cubes. Experience

indicates that the weight of a 1-ft. cube twenty-four hours after molding

represents the probable weight per cubic foot of the massive concrete

in the counterweight. During construction, the materials should be

weighed and frequent checks made, so as to be sure that the actual

counterweight is of the correct weight.

Example 1.—Let it be required to find the weight per cubic foot of a

plain concrete, in a counterweight, mixed in the proportions of 1 part

of Portland cement, 3 parts of sand, and 6 parts of broken trap rock.

Assume dry sand to weigh 89 lbs. per cubic foot.

Assume broken trap rock, screened to f in. to 1\ in. in size, of a

specific gravity of 2.9, with 45 per cent, of voids. Weight of broken

stone per cubic foot = 2.9 X 62.3 X 0.55 = 99.37 lbs.

Volume and Weight of Materials
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The weight per cubic foot is found from Eq. (1),

W 3829— = =149. 8 lbs.
N 25.554

Add water, 13 - (4 + 2) =7.0

Probable weight per cubic foot in the finished

counterweight = 156 . 8 lbs.

2. Concrete loaded with steel punchings.—It is sometimes necessary

to use counterweights of greater weight per cubic foot than can be made

by using broken stone, or gravel, as the aggregate. It is then best

and most economical to add clean steel punchings to the mixture, to

give it increased weight.

Problem 2.—Find the proportions of a concrete containing clean

steel punchings, to produce an assumed weight per cubic foot in the

finished counterweight.

Let M = required weight per cubic foot;

Y-p = percentage of voids of the punchings; and

X = volume of punchings required for A'' cubic feet of concrete.

Use all other notations as given for Problem 1.

By analogy, from Eq. (3),

AT = 2.61 + 0.724>S + 1.08(1 - Y,)G + 1.08(1 - Fp)a:. . (4)

Equation (1) becomes,

^ + 7 = ilf (5)

If the proportions of cement, sand, and stone or gravel be assumed,

the value of x can readily be found from Eqs. (4) and (5).

The weight of clean steel punchings, shaken in a rectangular box,

varies from 275 lbs. per cubic foot, with 43.87 per cent, of voids, to

285 lbs. per cubic foot, with 41.83 per cent, of voids. A fair average

value is 280 lbs. per cubic foot with 42.85 per cent of voids.

Experiments with clean steel punchings, rammed in 6-in. layers

and grouted with a mortar of 1 part of Portland cement and 2 parts

of sand, gave weights of from 315 to 320 lbs. per cubic foot. These

results show that the mortar did not fill all of the voids.

Note that these results were obtained with clean steel punchings.

When the available punchings are mixed with other material, a test

should be made of the actual weight and the actual voids, and these

results used in all of the calculations.

When a maximum weight is required and grouted punchings are

used, no dependence should be placed on the strength of the mixture

as concrete.
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Example 2.—Let it be required to proportion a concrete containing

clean steel pimchings, so that it will weigh 250 lbs. per cubic foot in

the finished counterweight. The value of M is 250. From Eq. (5),

W
N = 250 or

W
N = 243- (5a)

Assume a mixture in the proportion of 1 part of Portland cement,

3 parts of sand, 2 parts of broken trap rock, and x parts of steel

punchings.

Assume the dry sand to weigh 89 lbs. per cubic foot.

Assume trap rock, screened to f in. to 1| in. in sise, of a specific

gravity of 2.9, with 45 per cent of voids. Weight of broken stone

per cubic foot =2.9 X 62.3 X 0.55 = 99.37 lbs.

Assume clean steel punchings to weigh 280 lbs. per cubic foot, with

42.85 per cent of voids.

Volume and Weight of Materials

One barrel of Portland cement

.

Three barrels of sand

Two barrels of broken stone. .

.

X barrels of punchings

Volume,

Cubic Feet

Weight per

Cubic Foot,

Pounds

4

12

4x

94

89

99.37

280

Weight,

Pounds

376

1068

795 .

Weight,

Pounds

1120a;

Total weight of dry materials = W = 2339 + 1120X

Using the data above in Eq. (4),

A^ = 2.61 +0.724;S + 0.594(? + 0.617a;. . . . (4a)

Volume of concrete from Eq, (4a).

Volume,

Cu. Ft.

Cement 2.61

Sand, 0.724 X 12 8.688

Broken stone, . 594 X 8 4 . 752

Punchings, 0.617 X 4x 2.468x

Total volume of concrete per barrel of cement = N = 16 . 040 + 2 . 468x

Substitute in Eq. (5a),

1^ ^ 2239 + 1120a:

N 16.040 + 2. 468x
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Solve this for the value of a:,

a; = 3.184.

The required proportions then become: 1 part of Portland cement,

3 parts of sand, 2 parts of broken trap rock, and 3.184 parts of clean

steel punchings.

3. Pig-iron counterweights.—Experiments show that carefully piled

sand-cast pig iron, without sows, weighs about 308 lbs. per cubic foot.

The voids then amount to 31.55 per cent, taking the weight of cast

iron at 450 lbs. per cubic foot.

If it were possible to fill all of the voids with a mortar grout of

1 part of cement and 2 parts of average sand, the resulting total weight

per cubic foot would be 349 lbs. Probably not over two-thirds of the

voids would be filled, in which case the total weight per cubic foot

would be 335 lbs.

Experiments show that carefully piled machine-cast pig iron weighs

from 270 to 290 lbs. per cubic foot. The voids are from 39.99 to 35.55

per cent. If aU voids were filled with a mortar grout, of 1 part of

cement and 2 parts of average sand, the total weight per cubic foot

would be from 322 to 336 lbs. With two-thirds of the voids filled, the

weight per cubic foot would be from 305 to 321 lbs.

A grouted pile of pig iron possesses little strength as a mass.

Comparing the weight of grouted pig iron with that of grouted steel

punchings, it is evident that the grouted punchings are the cheaper,

for the market price of steel scrap is nearly always less than that of

pig iron.



CHAPTER XIII

OPERATORS' HOUSES

1. General.—The operator'vS house should be located at some point

on the bridge where the operator may have an unobstructed view of the

navigable channel and the ends of the span. The best location on a

swing bridge is usually above, or near the top, of the trusses, and directly

over the center pier.

In a bascule it will be found expedient to place the house on an

extension of the main trunnion pier or on brackets outside of the counter-

weight span. In some designs it is possible to put it in the counter-

weight span above the traffic clearance, but in most cases the operator's

view is then cut off when the bridge is open, and obstructed by trans-

verse and lateral bracing when it is closed. The best position should

be carefully studied when laying out the structure.

When a vertical lift is used, the house may be put on top of the lift

span, at its center, or on one of the towers, depending on the character

of the design. Sometimes it is convenient to put it on an extension

of the front tower pier or on brackets attached to the tower itself.

Here again the nature of the design is the determining consideration.

The house should be liberally fitted with large windows, located to

give the operator the most direct view of the channel and the ends of

the span. It is often desirable to glaze the upper part of the door.

Sometimes only the control apparatus is put in the house, the motors

being placed on the span, near the points of application of the power.

In other structures, the motors may be in the house. The latter is the

common arrangement when steam or internal combustion engines

supply the power.

A few examples will be given.

2. French Canal bridge.—Figure 13A shows the arrangement that

was adopted on the railway bridge crossing the old French Canal, at

Cristobal, Canal Zone. The house is at the top of the middle panel

of the span. Separate motors were supplied for turning the span and

driving the wedges. The interlocking and signal control was also in the

same house. The drum-type controllers are near the longitudinal

center line of the bridge, with a window in front of the operator, another

319
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behind him, and others on either side. The brake on the turning train

is controlled by a pedal near his station. The switchboard is set well

away from the wall, to give easy access to the wiring on its back. The

front is readily seen.

This house is of reinforced concrete on a concrete platform. The

roof, also of concrete, has wide overhanging ends and sides, on account

of the climatic conditions. A footwalk, protected by raihngs, extends

around the house, and a stairway gives access to one corner.

Scale in Feet

Fig. 13A.

3. Dumbarton bridge.—Figure 13B shows the general arrangement

of the house on the Dumbarton bridge across San Francisco Bay, on the

Hne of the Southern Pacific Company. It is at the top of the trusses

in the middle panel. The primary source of power is an 80-h.p.,

3-cyhnder, 4-cycle, gasoline engine, which is on the longitudinal center

line of the bridge. As the engine is non-reversible and drives both the

turning and wedging gear trains, a self-contained transmission mechan-

ism was placed in front of it. This provides for a forward and reverse

drive for both turning and wedging, also for a brake on the turning
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train. Provision was made for the installation of an electric motor
whenever current becomes available. The motor would drive the two
gear trains through the engine transmission machine. All control

levers and the brake pedal are brought to the operator's station. A
compressed-air self-starter was fitted to the engine. The air tanks

for this and the whistle are in one corner of the house, and the cooling-

Cooling Jank42"diam. by

.J^"bi^fb^^__^

^tTopCh'd

Fig. 13B.

water tank is in another. The gasoHne tank is under the floor and the
engine is fed by a small pump.

This house is of wood, built upon a steel plate floor. A footwalk,
with railings, extends across each end, and a ladder gives access to one
of them.

4. Middletown bridge.—Figure 13C shows a house used on the
Middletown bridge of the New York, New Haven, and Hartford Rail-
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road. It contains only the control mechanism of an electrically driven

bridge. The floor is of concrete on I-beams. The frame is built of

steel angles, riveted to the supporting steelwork. The outside and

o

inside are covered with expanded metal, nailed to wooden furring strips

bolted to the steel frame, and plastered with cement mortar. The

roof is of galvanized corrugated sheet steel flashed to the cement stucco.

The ceiHng is flat and finished with expanded metal plastered with

cement mortar.
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Street bridge, at Troy, N. Y. The turning and wedging motors are on

the steelwork under the bridge floor. The gasohne engine has a single,

4-cycle cylinder, which requires a transmission mechanism similar to

that used at Dumbarton, but much smaller, as the engine is only

20-h.p., while that at Dumbarton is 80-h.p. The two 52-h.p. turning

motors each have a drum-type controller, and the 20-h.p. wedging

r/a"Y.R Tool Box J Locker^ 'fiber Gasket Outside

Wx2'/2"Y.PSheathing and Ceiling matched and beaded

I'/?"Square strips

overlaid with

copper

Entire outside ofbuilding except sash anddoor to be covered
with 16 oz. copper. Panels on sides to be crimped.

Fig. 13E.

motor is separately controlled. The controllers are in one corner of

the house, adjacent to the large windows in front and at the sides of

the operator's station. A brake on the turning train is actuated by

a pedal adjacent to the controllers. The switchboard is set back from

the wall, so that easy access may be had to its back.

The floor of the house is of |-in. maple laid on 3-in, yellow pine

planks, with building paper between, and is supported by I-beams in the
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middle panel of the span. The frame is of wood, sheathed outside and
inside, as shown in Fig. 13E. The entire outside and the roof are
covered with 16-oz. copper, with a gutter, cornice, and down-spouts for

drainage of storm water. Foot walks extend around the house, the
edges being protected by railings. A steel staircase gives access to the
house from the bridge floor below. A steel ladder extends from one of

the platforms to the roof.
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APPENDIX A

ANALYSIS OF STRESSES IN DISCS OF CENTER-BEARING SWING SPANS

1. General.—The contact surfaces of the discs on which center-bearing swing

spans turn are usually made as spherical segments. As stated in Chapter X, Arts.

13 and 14, the author recommends the use of but two discs, the lower of tempered

steel concave upward, and the upi)er of hard bronze convex downward.

In order to reduce the; turning friction, it is best to make the radius of the upper

convex sj^herical segment smaller than that of the lower concave segment. Thus,

the effective radius of friction is reduced, but the bearing pressures are increaised at

the center of the discs.

It is necessary to know the law of the variation of the pressures between the

discs, in order to determine the proper difference between the radii of the two discs,

and to make sure that no excessive pressure is caused at the center of the discs.

2. Outline of the problem.—Figure AA is a section through a swing-span bridge

center, taken transversely with respect to the center line of the bridge.

Center Cross Girder

Bronze Disc

Sfeel Disc

Masonry

(1) Nomenclature.

Let R = radius of the lower, or steel, disc surface;

r = difference in radius of steel and bronze disc surfaces;

R — r = the radius of the bronze disc surface;

a = the radius of the discs;

X = the radius of any point on the disc surfaces;

329
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c = the clearance between the disc surfaces at the edge of the discs;

O be the origin of coordinates = the center of the discs;

b = the ordinate at the edge of the steel disc when no load is carried;

b + c = the ordinate at the edge of the bronze disc when no load is carried;

y = the clearance between the discs at radius x when no load is carried;

h = the height of the center from masonry to cross girders;

E = the average modulus of elasticity of the entire center, of height, h;

S = the unit stress at the center of the disc, or at the edge of the center

hole, when the full turning load is carried by the center;

Sj/ = the unit stress on an element distant x from the center;

W = any turning load on the center;

e = the compression of the center element, or the element at the edge

of the center hole, when load W is carried;

e — y = the compression of any element distant x from the center of the

discs when load W is carried;

L = the lever arm of friction; and

m = the radius of the central hole.

(2) Form of Disc Surfaces.

Discs with spherical surfaces.

The ordinate of any point on the steel disc surface,

y^ = R - Vr'- - x^.

The ordinate of any point on the bronze disc surface,

ys = (R -r) - V{R -rY - x2.

The clearance between the discs is,

rj = Vr^ - x2 - V{R - r)- - x^ -r (1)

Discs with parabolic surfaces.

The ordinate of any point on the bronze disc surface is,

b + c

Vb = ——^'^
a-

The ordinate of any point on the steel disc surface is,

b
ys = —x"^

a-

The clearance between the discs is,

y = -X' (2)
a-

Discs are made with spherical contact surfaces.

Calculations have been made of the clearances between spherical discs, of dimen-

sions used in practice, and these have been compared with those between parabolic

discs of the same size and the same edge ordinates and clearances as the correspond-

ing spherical discs.
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The differences between the spherical and paraboHc surfaces are no more than

the errors that are Hkely to occur in finishing the discs with ordinary machine tools;

hence, for simplicitj^ parabolic surfaces will be assumed in this analysis.

(3) Approximations.—It will be assumed that the center girders, resting upon
the upper pivot casting, and the masonry supporting the lower pedestal do not

deflect under loads within the limits of action of the discs.

As the edge clearance, c, between the discs is small when compared with h, it

will be assumed that the height /), subject to compression, is constant for varying

values of the radius x.

It will be assumed that an average value of E may be found for the actual

combinations of metals and forms of the parts of the center which make up the

height of the center, h.

It will be assumed that the same value of E applies to any vertical element

within the compressed area of the discs.

(4) Analysis.—When the discs carry no load they will be in contact at a point,

if there is no central oil hole, or on a line at the edge of the hole, when an oil hole is

used.

When load is applied to the center, from the center girders, the pivot, discs, and
pedestal all compress and a circular area of contact is developed between the discs,

which increases as load is added.

The law of the increase in this contact area and the resulting unit pressures on
the discs are to be found.

(3) Solution for discs with no central hole.

From the common theory of elasticity,

Sh^=¥ ^2)

The unit stresses are proportional to resulting distortions, hence,

e

Substitute the value of e from (3) and

EySy=S-^ (4)

CX"
From (2), y = — , hence,

Sy=S- -— (5)
a-n

The unit stress, Sy, acts over an area of 2Trxdx.

The sum of all stresses, Sy, within the compressed area must equal the applied
load W, then,

27r
j
Syxdx = W.

Substitute the value of Sy from (5), and

''/(•^ - ?rV" = "^ <*"

^ /Sx^ Ecx'\
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When a; = 0, the area taking load is 0, hence W = and therefore K = 0.

fSx'- EcxA
27r = TF . (7)

Solve (7) for value of S.

W Ecx^

"'Tl' + ^k ®
From (8), W WEc E'-c'-x*

S^ = h h (9)
TT^x* wa-h 4oVi2 ''

''

In (8) the values of *S' and x are unknown, hence another equation must be found.

This can be done from the condition that the total external work of the weight W,
in compressing the center, must equal the internal work of compression in the center.

External Work.

Let W = the load that has been appliea to the center at any epoch;

e = the resulting compression of the center element.

The differential work is

d (WorkExt.) = dW-de (10)

From (6)

/ Ecx'\ I 2wEcxA
dW = 2w[ S )xdx = (27rS — )xdx. . . . (11)

\ a% I \ a-h /

Substitute the value of S from (8) in (11).

dW = {—- — )xdx (12)
\ x^ a^h /

From (3), e = — . Then
E

^^ =^^ ^^^^

Substitute the value of *S from (8) in (13).

Wh ex
de = d\

\

hence,

"'""UT' + i?
"=*'"

, c 2Wh\
, , ,

Substitute the values of (12) and (14) in (10).

d(WorkExt.) = [—. ^7- — ^r: U-dx^;
\ X- a-h I \a^ ttEx'^/

or

/41Fc 4WVi wEcV\WorW) - — -— - ^^ xy.=. . . . (.5)
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Internal Work.

Let Sy = the unit stress on any compressed elemental area.

The stress increases from to Sy at any epoch; hence the average stress is—

.

The compression of any element due to stress Sy is Sy ~.
E

The internal work of the element then is

Su Syh Sy~h

T ^ £- = iB <'«

Substitute the value of Sy from (5) in (16).

, „, ,
h /^ Ecx^y- S% Sex'- Ec'-x'

Internal Work = — S = + . . . . (17)

Substitute the value of S from (8) and S- from (9) in (17).

,^r , N
h (W-

,

WEc
,

E^c^xA cx'-lW EexA Ec'-x*
(Workint.) = — H -i h H -.

2^^^^^'-^' na-h ia'h J a-\ivx^- 2a^h) 2a*h

This reduces to,

..T. , ^
'W^h We Ee^x^

(Workint.) = —,-- - r-^ + v^ (18)
Zir-Ex* 2Tra^ Sa*h

The internal work of a circular element is the internal work of an element X
2irx(lx, hence:

^,r^r , x ^ / ^'^ We Ee'-x'\
d(Workint.) = 27r 1 ]xdx,

\2ir^Ex' 2wa'- 8aWj '

or

,/«' , N fW'f' Wc ttEcH'X
(/(Workint.) = Hf~4 7 + -TTr)^'^'^- . • • . (19)

\irEx^ a^ 4a*h /

Equating (15) and (19), dividing through by xdx and expressing the integration,

f/4We AW'h irEc-'xA W% We wEe^x*

J \a2x2 wEx^ a% J wEx* a?- 4a%

4TFc,
,
W% irEe^x^ W"-h We nEc^x*

a2 * t:Ex* 4:a'h tEx* a^ 4a'h
'

or

TFc^^,
^ ^^ TrEe^x* We

—{i\og,x)+K = -~~
(21)

a- 2a*h a^

When X = 0, area is 0, hence TF = 0, or

^(4 log, x) +K = 0.
a-

o-c
The term —-(4 loge x) is indeterminate.

a^

We
The only value of A' which will satisfy this expression will be — — (4 logc x).
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Substitute this value of AT in (21).

Wc
, ,

Wc
, ,

wEcV Wc
-—(4 loge x) ^(4 log,, x) = -—- -,
a^ a- ZaMi a-

or

-IS!^^^ (22)
2a*h a^

Solve this for x.

W2IF
^ = ^'^bT (23)

Substitute the value of x from (23) in (8).

[iWaT-h

bWaVi 2aVi

\WEc jWEc _ j\

tEc

\\VEc_

! 2iraVi

therefore,

,lWEc
, ,

5 = ^/—— (24)
ira-h.

From (24) is found,

c = (25)
2WE

To find the value of r when R, a, and c are known: Resume equation (1), making

y = c and x = a.

c = Vr'- - a?- - V(/e - ry- - a' - r, (25a)

or

c = Vr'- - a"" +r = - V{R - r)'- - a\

Let

c - Vr'^ - a2 = d;

then

- d - r = V{R - ry - a\

d2 + 2dr + r2 = 722 _ 2Rr + r^ - a\

2r{R +d) = i?2 - d2 _ a^.

_ R^ - d^ - a''

2(fl + (/)

Restore the value of d, and

_ i?2 - c^ + 2c Vfl-^ - o^ - fi^ + Q^ - a-

2{R +c - Vr' - o2)
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Therefore,

2\^R'^- a^ - c
r = c -. (26)

2{R + c - Vft2 - a^)

The lever arm of friction is found as follows:

If each element of weight carried by the disc is multiplied by its lever arm the

sum of all such products is a moment proportional to the total moment of friction.

If this moment is divided by W the quotient is the lever arm of friction L. The
differential values of W are given in Eq. (6) and x is the lever arm of any elemental

pressure; then,

r / 7?/-r2\

xhlx = W-L (27)' r('' -—

)

J \ aVi /

2ir\ = W-L.
I 3 5aVi}

(For when x = 0, W = 0, hence K = 0), hence,

^
Sx^ Ecx^

3 ~ '5aVi

W (28)

(4) Solution for Discs with Central hole.^AII data will be the same as in the

analysis with no central hole.

cx^
From (2) we may write yi = — which expresses any clearance between discs

a-

with no central hole.

With a central hole, when the center is without load, the upper disc and pivot

will be lowered a small amount for contact at the circumference of the hole, and all

clearances between the discs will be reduced by the amount lowered.

The amount of the lowering is ?/> = .

The net clearance at any point then is,

c

yi - y2 = y = —(x^ - m-) (29)

^2 is very small when compared with h; hence the original value of h will be used.

Substitute the value {x^ — m^) for x^ in (6),

27r
I

5 -{x-^ - ot2) \xdx = W. (30)

By proceeding with the solution in the same manner as in Art. 3 the expression

for the value of x takes the form:

\lWa?h
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This is in the same form as (23), and maj' also be wTitten,

= ['-V^^f •••<^^'

When m is small, it has very little effect on the value of x.

By proper substitutions it is found that

:

The value of S is the same as in (24).

The value of c is the same as in (25).

The value of r is the same as in (26).

Find the radius of friction L.

Proceed in the same manner as in the development of equation (28). From (30),

Ec

'/hs- m-) xMx = W-L.

Ec ix'^ 7n-X'

a-h \ 5 3
+ A' = WL.

(33)

(34)

When X = m, area of contact = 0, hence, W = 0, and K maj- be found.

A' = - S7n^ Ec /2m5^Ec /2m^\l

aVi\15 )]'

Substitute in (34) and reduce.

[I

,
S^ , Ec x^

2-k\-{x^ - m^) -— -
3 a-/i\o

1-x' 2w}

3 lo
= TT'L. (35)

The lever arm of friction then becomes,

"S , Ec Ix^
27r|

L = —-

27r|-(x=' to')
o2/i V 5

2m=

w

WTien TO is a fraction this maj- be ^-ritten approximately:

(36)

L = """["s" ~^\5" ~ ~^
)\

W (37)

(5) Example.—A study of a large group of centers with three discs, which were

known to have operated successfully, indicates that a unit stress of 10,000 pounds

per square inch at the edge of the oil hole is conservative.

A stud}' of the two-disc designs given in Chapter X, Art. 14, with discs from 12

up to 52 in. in diameter, indicates that the radii of the steel disc surfaces were well

selected.

The radii of the bronze discs were calculated so that the maximum unit stress

at the edge of the oil hole is 10,000 lbs. per square inch.
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From equation (26),

2Vfl2 - a'^ - c

2{R + c - Vr^

Substitute above values.

2V96' - 15' - 0.03727
r = 0.03727

7) - V<2(96 + 0.03727) - v 96 - 15

189.6418
= 0.03727 = 2.905 in.

2 . 43278

Use a value of r = 3 in., hence,

i2 — r = 96 — 3 = 93 in., = radius of bronze disc bearing surface.

Find edge clearance for these radii from equation (25a).

c = Vfl2 _ a2 - V{R - r)2 - a^ - r.

Substitute values above.

c = V 96^ - 15^ - V 93' - 15" - 93 = 0.038533 in.

Find maximum unit stress from equation (24)

:

2WEC

Substitute above values.

/
2 X 1,980,000 X 17,240,000 X . 038533

X 36

= 10,167 lbs. per sq. in.

Find the radius limiting the area of contact from equation (31).

2Wa%
x^ — m^ = a/—;^—

•

tEc

Substitute the values above.

, 2 X 1,980,000 X 15 X 36 ,, , ,^ .

a;2 _ 0.5 = \\ '— = 11.145 m.
TT X 17,240,000 X 0.038533

Find the lever arm of friction from equation (37).

\Sx^ Ec (x^ TO^XA
]

^"L^"^V5 ~ 3 )\^= W
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Substitute the values above.

2^r^M^_X lll-^^' 17,240,000 X 0.038533 /11.145' ol'xTrT45'\l

J _^ 3 Is' X 36 \ 5 3 / J

L =

1,980,000

27r[4,682,273 - 82.01345(34,389.88 - 230.72201)]

1,980,000

27r(4,GS2,273 - 2,801,510) 27r X 1,880,763

1,980,000 1,980,000
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DESIGN OF TREADS FOR THE SUPPORTING AND SEGMENTAL GIRDERS
OF ROLLING-LIFT BRIDGES

1. General.—Rolling-lift bridges have several advantages, particularly when the

spans are not too long and the resulting rolling loads are not too great. Except for

the rolling segmental girders, the superstructure is of simple construction, and has

no mechanical joints or trunnions. The rolling friction is small and the operating

machinery is simple. Rolling-lift bridges require less power than trunnion bascules,

and the machinery is correspondingly lighter and more economical.

The treads on the horizontal supporting girders and the rolling segmental girders

of many rolling-lift bridges have been made too thin and too weak to distribute the

concentrated rolling loads to the girders. The result has been that the tread plates

have been stressed far beyond the elastic limit of the material, and have elongated,

widened, and bent away from the central planes of contact. Rivets and bolts

attaching them to the girders have been sheared and girder flanges and stiffeners

wrecked by the intensity of the undistributed rolling loads. These failures have

been so serious that extensive repairs have been made on a number of bridges.

For many years, the author has strongly advocated the use of much thicker

tread plates, and engineers who have devised methods of making repairs have

increased the depth and strength of the treads as much as was feasible under the

limiting conditions imposed by other details of the designs. The author believes

that the weakness of the tread plates, in the older designs, is the principal reason

why the rolling-lift type of bridge has not been more favorably considered during

recent years. One difficulty has been the inadequate knowledge of the laws of the

distribution of heavy loads on the line contact between the rolling segment and the

horizontal track on which it rolls.

An elaborate series of tests to determine these laws is being made by Professor

W. M. Wilson for the Engineering Experiment Station of the University of lUionois.i

These tests have not been completed, but Professor Wilson has drawn the conclu-

sion that the stress relation at the line of contact has been only a minor cause of the

many failures that have occurred, and the author fully agrees with this conclusion.

The major fault has been the weakness of the treads on the rolling segments and the

track girders. The treads not only must be thick and strong enough to resist local

distortions beyond the elastic limit of the material, but their strength and stiffness

must be great enough to distribute the local concentrated load from the line of rolling

contact to the girders to which they are attached.

2. Unit stress on line contacts.—The Engineering Experiment Station has

kindly furnished the author with the results of the tests already made, and his

1 Professor Wilson is working in consultation with a special committee of the

American Railway Engineering Association, of which the author is a member.

The results of the tests will be published in a forthcoming bulletin of the Engineering

Experiment Station of the University of Illinois.
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analysis of some of them, made on medium steel castings, indicates that the smallest

load per inch of line contact which produces permanent set in thick tread plates

from three to four inches wide on the line of contact, may be expressed by

P = 900V L>3 (1)

In this expression:

P = the load per inch of line contact that produces set, in pounds and

D = the diameter of the roiling segment, in inches.

Some of the tests, in which the specimens were rolled when under load, seem to

indicate little, if any, additional effect due to movement.

Probably no danger to the surfaces would be caused if the loads were limited to

three-fourths of the minimum static load that produces permanent set, or

p = 675V D3 (2)

These expressions must be considered as only tentative, pending the completion

of the tests and their analysis, but will serve as a basis for a study of the design of

treads to distribute the rolling loads to the girders and segments to which they are

attached, which the author conceives to be the major problem.

3. Design of the treads.—When a rolling-lift bridge is relatively long and heav}%

the radius of the rolling segment must be made proportionately large, which results

in a supporting girder of considerable length. In such a track girder, the load con-

centrated at the line of rolling contact must be distributed so that by means of the

direct support of the tread by the girder web, and the rivets attaching the vertical

parts of the flange to the web, all of the stress is delivered to the girder within a

reasonable distance along its length. In the case of a bridge of ordinary span, the

treads usually become too long to be made as a single piece, and joints are necessary.

When the rolling load is near a joint, or near the end of the tread, the tread must

act practically as a cantilever on the side of the load adjacent to the joint, or to the

end of the tread. The ideal distribution would be one in which the reciprocal pres-

sures between the girder and the treads were constant per unit of the length through

which the distribution of pressure was made.

The supporting girder will deflect downward as a simple supported beam when

the bridge rolls along it. The cantilever end of the tread, near a joint or end, will

tend to deflect upward as a cantilever uniformly loaded along its bottom. The laws

of these two deflections are mutually incompatible, and no arrangement will give

a perfectly uniform distribution, but an approximation within reasonable limits may
be found.

The object of the following discussion is to propose a method of proportioning

the treads that is founded on a rational theory that takes into account the elastic

action of the supporting girder and the treads; and which enables the designer to

make his calculations from data normally developed during the design of the

supporting girder.

4. Radii of curvature of deflected beams.—Let Figure B A represent a support-

ing girder of a rolling-lift bridge, carrying a concentrated load W, assumed to be

uniformly distriubted along a length b by means of a thick, stiff tread resting on

the girder.

In order that the load on the tread be uniformly distributed along the

length b of the supporting girder A B , the radii of curvature of the deflected

girder and the tread must be the same. This is not attainable. If the radii were

made the same at a point e, one-fourth of b from the point of application of W, a
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close approximation to the ideal condition would be made. The tread would have

full contact at W, but, theoretically, would be slightly above the girder at other

points in the length ~. However, the load W would cause compression within

the portion of the tread / g, so that instead of the cantilever end of the tread

separating from the girder, the reciprocal pressures between the tread and the

girder would become variable along the length / g.

jW

t:::?::::d ..L... -4

Fig. BA.

The radii of curvature of the girder at various points along its length are different

and also vary when the load is moved along it. The stiffness of the tread cannot be

made variable without serious complications and unwarranted expense, but should

bear some relation to the stiffness of the girder. It is well known that the radius of

curvature of any deflected beam, when the stresses are within the elastic limit, is

closely expressed by
1 d'~y M EI— = -— = — , or it = —- (o)

R dx'- EI' M

Let W = rolling load in pounds;

I = length of the girder in inches;

b = length of the portion of the tread necessary to distribute the rolling

load to the web of the girder;

d = distance of the rolling load from the end of the girder;

Ig = moment of inertia of the girder, and

It = moment of inertia of the tread.

Consider the load, W, to be placed at various points along the girder. At each

of these points calculate the moments for point c, both in the girder and the tread,

considering that the girder is a simple span and that the tread is a cantilever of

length, -. Substitute the results in equation (3), equate the expressions and solve

them for the values of It- The values thus found for It are shown in Table B A.

b I

It will be noted that It is very large when d = -, dimmishes rapidly to d =-,

and reaches its minimum at d =-. Assume that the tread is proportioned for the

value of It when d = -. Having designed the tread for this value of It, it can be

tested for the variation in the unit pressures between its bottom and the top of the
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girder. When W is placed at d = - from the extreme end of the girder, the differ-

ence between the radius of deflected curvature of the girder and that of the tread,

considered as a cantilever, is a maximum. If the inequalities in the reciprocal unit

pressures are not too great, the tread will still be in contact with the girder.

TABLE B A

Values of It
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. r .« , 1,500,000 X 1.2
Assume an impact of 20 per cent, then = 20.2 linear inches

oy, 100

required for line contact across the width of the tread. Assume the weight of the

supporting girder to be 100,000 lbs., then:

Shears Moments
The girder, dead 50,000 lbs. 518,750 ft.-lbs.

Rolling load, live 1,500,000 15,562,500

Impact 300,000 3,112,500

Totals 1,850,000 19,193,750

The web area required is 1,850,000 -^ 10,000 = 185 sq. in.

This can be made up as follows:

2 web plates, 108 in. X I in. = 189 sq. in.

The girder may be made up as follows:

2 webs, 108 in. X | in. = 189 sq. in.

8 side plates, 16 in. X I in. =112
4 side plates, 8 in. X i in. = 28

4 angles, 8 in. X 6 in. X I in. = 46

4 cover plates, 30 in. X I in. = 105

Total area = 480 sq. in.

This section has a gross moment of inertia of 930,987 in.<, or a net moment of

inertia of 805,665 in.^

The extreme fiber stress on net area is

19,193,750 X 12 X 55.75
= 15,940 lbs. per sq. m.

805,665

The load which must be distributed to the girder web from the tread is

1,500,000 X 1.20 = 1,800,000 lbs.

Refer to Fig. B B, and assume one inch rivets.

Direct bearing on 1 web in 22^ in. = 22^ X | X 24,000 = 472,500 lbs.

21 rivets, 1 in. in diameter, in double shear at 18,850 = 395,850

Available in 22^ in., on 1 web = 868,350 lbs.

Available on 2 webs = 1,736,700 lbs.

• , . , , . 1,800,000
Length required for distribution, 22.5 X = 23.32 in.^ ^ ' ^ 1,736,700

I

Assume the rolling load to be placed at d = - from the end of the girder, then,
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using the gross moment of inertia,

Igh 980,987X23.32
It =

81 - 5b 8X498-5X23.32

The tread section shown in Fig. B C gives It = 5612 in

5613 in.'', required.

345

Length of bearing
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Fig. BB. Fig. BC.

Now place the load W so that the distance d, Fig. B A, is

23.32
11.66 in.

from the end support of the girder.

Load W will not act at a point, but will be distributed somewhat by the elastic

distortions of the two treads at their line of contact. W is assumed as concentrated

on a line on account of simplicity in the analysis. The calculated deflections will be

a little too large, but will be on the safe side.

Calculate the deflections of the girder downward from the end and that of the

the cantilever end of the tread upward from a tangent to the deflection curve of the

girder at point d, 11.66 inches from the end. Combine the results and find

the theoretical distances between the points on the deflected girder and the corre-

sponding points on the tread. Table B B gives these distances.
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TABLE B B

Distance of Points

from the End of the Girder,

in Inches
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TABLE B C

347

Distance from

End of Girder,

in Inches





INDEX

Analysis of stresses. See Stresses, an-

alysis of.

Area-moment method for calculating

deflections, beams, 236

cantilever turntable, 239

double swing span, 211, 213

partially continuous swing span, 208

plate girder, simple span, 258

B
Balance wheels, arrangement of, 271

Bascule bridge, best for some locations,

22

definition of, 18

Bascule bridges, 80

American Bridge Abt type, horizontal

track, 137

inclined track, 134

River Rouge, Detroit, Mich., 135

vertical track, 140

analysis of double-leaf, 221

analysis of single-leaf, reactions, 216,

217

dead-load stresses, 219

Belidor type, 8

bibliography, 33

bracing of, 223

Brown type, 128

Hamburg Turnpike, Buffalo, N. Y.,

129

Mystic, Conn., 131

new type, 133

Ohio Street, Buffalo, N. Y., 129

Chicago type, 93

Michigan Boulevard, 97

Northwestern Avenue, 95

Seattle, Wash., 100

statistics, 102

West Chicago Avenue, 95

West Lake Street, 97

Bascule bridges, early modern types, 6

historical, 80

patents, list of, 143

Rail type, described, 105

Broadway Bridge, Portland, Ore.,

112

East Chicago Canal, 110

Illinois River, Peoria, 111., 108

simple-trunnion type, Anacostia

Washington, D. C, 89

135th Street, New York City, 89

Pere Marquette Railroad, 91

River Tiber, near Rome, 81

Tower Bridge, London, 81

Strauss type, 115

Chambly Canal, St. Johns, Quebec,

116

Genesee River, Charlotte, N. Y., 119

heel trunnion, 121

St. Charles Air Line, Chicago, 123

statistics, 127

Thames River, New London, Conn.,

125

underneath counterweight, 117

vertical overhead counterweight,

116

Bearings, main pinion, 303

supports for, 305

union for bevel gears, 304

Bibliography, types of movable bridges

rarely used, 33

Bracing. See Lateral bracing.

c

Camber, 272, 274

Centers, disc, details of design, 301

load superposed, 299

load suspended, 296

pier not level, 297

349
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Continuous girders, 174

examples of the use of, 174

moments at supports, uniform load,

181

reactions at supports, ISO

reactions for two-span, table, 185

shear and moment in any span, 178

shears at supports, uniform load, 182

Theorem of Three Moments, 175, 17G,

178

values of k— k^, table, 179

Costs, maintenance, repairs, and opera-

tion, 27

Counterweights, 313

concrete with steel punchings, 316

pig iron, 318

plain concrete, 313

D
Deflection, area-moment method, 236

arm of a swing span, 264

cantilever girder, partial uniform load,

229

series of concentrated loads, 232

single concentrated load, 227

cantilever turntable, analytical

method, 233

approximate method, 247

area-moment method, 239

deflection influence-line method, 243

frame subject to bending moments, 269

horizontal at corner of a beam, 256

horizontal at corner of a plate girder,

262

plate girder, numerical example, 258

partial uniform load, 254

single concentrated load, 250, 252

truss, general, 262

numerical example, 264

Details of design, see part in question,

271

Discs, analysis of stresses in, 329

oil grooves, 300

Draw bridges, ancient, 1

early types, 6

Old London, 3

Drum-bearing swing bridge turntable,

306

Dnims, distribution of loads to, 62

E
Elastic deformations of beams, girders,

and trusses, 227. See also De-

flection.

End latch, balanced, 293

End lifts, 272

Gardner's patent, 288

link-and-roller, 286

Reehl's patent, 292

rocker-and-eccentric, 291

toggle, 289

wedge, analysis of stresses, 275

design, numerical example, 279

details of, 284

H
Historical introduction, 1

I

Influence lines, chord stress in a swing

span, 194

deflection of a cantilever turntable, 243

negative reactions, swing span, 197

stresses in a swing span, 195

web diagonal stress in a swing span,

196

J

Jack-knife bridge, definition, 17

Latch, balanced, 293

Lateral bracing, bascule bridges, 223

swing bridges, 214

vertical-lift bridges, 225

Lift bridge, moving vertically, definition,

18

M
Maintenance, cost of, 27

Movable bridges, classification of, 16

selection of type for a particular loca-

tion, 19

statistics of types used 1903 to 1923,

27, 28

N
New Epoch, the, 15

O
Operation, cost of, 27
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Operator's houses, 319

Congress Street bridge, 323

Dumbarton bridge, 320

French Canal bridge, 319

Middletown bridge, 321

Patents, bascule bridge, list of, 143

vertical-lift bridge, list of, 173

Pontoon bridges, bibliography, 35

definition, 19

R
Rack anchors, 301

Rail joints, rails with scarfed ends, 309

rails with square ends, 309

sliding rails, 311

Rail lock, Reehl's patent, 292

Renaissance, the, 3

Repairs, cost of, 27

Retractile bridges, bibliography, 34

definition, 18

Rolling-lift bridges, design of treads for,

340

Rail. See Bascule bridges.

Scherzer type, 101

center shear lock, 105

Cuyahoga River, Cleveland, Ohio,

103

Elizabeth River, Elizabeth, N. J.,

105

statistics, 109

Rush Street bridge, Chicago, 111., 14

S
Shear-pole swing bridge, definition, 17

description and plan, 66

Statistics, Chicago Tj^je bascule bridges,

102

movable bridges, types used, 27, 28

Scherzer rolling-lift bridges, 109

Strauss bascule bridges, 127

swing bridges, types used, 39

vertical-lift bridges, 170

Stresses, analj'sis of, bascule and verti-

cal-lift bridges, 210

center discs, 329

continuous girders, 174

swing bridges, 183

treads of rolling-lift bridges, 340

wedge end lifts, 275

Swing bridge, best when sites are suit-

able, 20

center-bearing, analysis of, 184

definition, 17

earliest cast-iron, 13

Swing bridges, 36

analysis of, 183

analysis of center-bearing, concen-

trated load on one span, 184

end conditions for stress calcula-

tions, 190

example of stresses and design, 193

influence lines, 194, 196, 197

load conditions for stress calcula-

tions, 191

reactions for two arms, table, 185,

187

stresses and design of 300-ft. span,

198

stresses corrected for actual sec-

tions, 201

uniform load on one span, 186

analysis of double, 210

analysis of rim-bearing, 205

reactions when partially continuous,

207

center- and rim-bearing, earh-, 36

early, 10

lateral bracing, 214

long and heavj', in service, 40.

rim-bearing turntable details, 306

superiority of center-bearing, 37

Swing span, deflection of one arm of, 264

Swing spans, descriptions and data,

center-bearing highway, 55

center-bearing railway, douljle-

track, truss, 49

single-track deck plate girder, 42

single-track through plate girder,

42

single-track truss, 46

rim-bearing highway, 59

rim-bearing railway, double-track,

54

shear-pole, 66

Transporter oridges, bibliography, 34
definition, 19
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Treads for rolling-lift bridges, design of,

340

Turntables, cantilever, deflections of,

233, 236, 239, 243, 247, 249

drum-bearing swing span, 306

Types of movable bridges, 16

Vertical-lift bridge, best for some loca-

tions, 25

Strauss type described, 166

Strobel type described, 168

Waddell type described, 154

Vertical-lift bridges, 146

bracing, 225

dead- and live-load stresses, 225

early types, 146

Erie Canal, 146

Halsted Street, Chicago, 111., 151

patents, list of, 173

Rue de Cremee, 150

statistics, 170

Strauss type, 166

Louisville, Ky., 168

Rideau Canal, Ottawa, 168

Vertical-lift bridges, Strobel type, 168

Illinois River, La Salle, 111., 169

Surrey Canal, 146

Waddel type, 154

Big Choctaw Bayou, 156

Louisville, Ky., Ohio River, 157

Piscataqua River, Portsmouth,

164

Williamette River, Portland, Ore.,

160

W
Wedges, end and center, details of, 284

Weights, bascule bridges, Chicago type,

102

Strauss type, 127

rolling-lift bridges, Scherzer type, 109

swing spans, highway, 74

railway, 67

vertical-lift bridges, 170

Williot diagrams, correction of stresses,

203

deflection of one arm of a swing span,'

268

Wind pressures, data and formulae, 222
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